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Abstract

Amazon rainforest controls, to some extent, the global hydrological cycle. The objectives of the present work were (i) to
investigate hydrologicalpatterns in a larger regionof the Brazilian rainforestthrough 9-month SPEI series and (ii) to
search for long or short-term correlation within the number of days with precipitation by monthand accumulated
monthly rainfall. Data sets were collected from 15 meteorological stations spanning a large area of the Amazonian rain-
forest in Brazil. We computed SPEI values from monthly precipitation and monthly meantemperature time series and
determined Hurst exponents from detrendedtime series of days with precipitationand accumulated monthly rainfall. In
the first case SPEI was determined on a 9-month timescale while Hurst exponents were calculated from rescaled range
analysis. Percentage of SPEI values in the near normal class (-1 <SPEI < 1) ranged from 59.8% (Peixe, TO) to 69.7%
(Tarauaca, AC). The Hurst exponent varied from 0.382 (Diamantino, MT) to 0.636 (Tefé, AM) and correlated positively
with the monthly meanrainfall. This indicates a persistenttrend of wet patterns in the futurein some areas. Hurst analysis
of days with precipitation and monthly rainfallcould be an additional tool for interpreting rainfall data.

Keywords: precipitation, spei, Hurst analysis, Amazonian rainforest.

SPEI e Analise de Hurst da Precipitacdo na Area Amazonica do Brasil

Resumo

A floresta amazénica controla, em certa medida, o ciclo hidroldgico global. Os objetivos do presente trabalho foram (i)
investigar padrdes hidrologicos em uma area maior da floresta tropical brasileira por meio do SPE! baseado em 9-meses
e (ii) buscar correlagdo de longo ou curto prazo dentro do niamero de dias com precipitacdoe chuva mensal. Os con-
juntos de dados foram coletados de 15 estagdes meteorologicas que abrangem uma grande area da floresta amazonica.
Além disso, calculamos os valores de SPEI a partir de séries temporais mensais de precipitagdo e de temperatura media
e determinamos os expoentes de Hurst a partir de séries temporais padronizadas de dias com precipitagdoe séries men-
sais de precipitagdo. No primeiro caso, o SPE/ foi determinado em uma escala temporal de 9 meses, enquanto os
expoentes de Hurst foram calculados a partir da analise de escala re-escalonada. O percentual de valores de SPEI na
classe normal variou de 59,8% (Peixe, TO) a 69,7% (Tarauaca, AC). O expoente de Hurst variou de 0,382 (Diamantino,
MT) a 0,636 (Tefé, AM) e correlacionou-se positivamente com os dados de precipitagdo media. Isso indica uma ten-
déncia persistente de padrdes imidos no futuroem algumas éareas. A andlise de Hurst de dias com precipitagdo e chuva
mensalpode ser uma ferramenta adicional para interpretar dados de precipitacao.

Palavras-chave: precipitagdo, spei, analise de Hurst, floresta Amazonica.

1. Introduction

The Amazon rainforest is the largest ecosystem
around the world. It controls, to some extent, the global
hydrological cycle (Yoon and Zeng, 2010). In particular,
Brazil holds the major part of that ecological reserve. The

Amazon basinhas attracted a lot of investigations in terms
of water balance, global carbon cycle or impact of climate
change. It is considered one of the regions with strongest
convective activity around the world (Andreoli et al.
2012). According to Marengo et al. (2004) precipitations
in the Amazon have shown an unclear trend as
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multidecadal variations have presented opposite tenden-
cies in the northern and southern areas of the basin. In par-
ticular, the time period 1950-1976 was wet in northern
Amazonia and drier since 1976 (IPCC, 2001). In 2005,
western Amazonia recorded its worst drought in 40 years
(Zeng et al., 2008). Rainfall variability in Amazonia is
correlated with the sea surface temperature (SST) patterns
in the Atlantic and Pacific oceans during December, Jan-
uvary and February (Martins ef al., 2015). On the other
hand, past investigations have shown a decadal intensifi-
cation of rainfall over the whole Amazon basin (Chen
etal.,2002).

In general, drought is very hard to define. Mishra
and Singh (2010) have presented a review of drought con-
cepts and its impact around the world during recent dec-
ades. Aragdo et al. (2012) investigated the relationship
between droughts and deforestation while Bonini et al.
(2014) found significant negative correlations between
deforestation and local precipitation in Mato Grosso,
southern Brazil. Several statistical methods have been
used for monitoring the severity of rainfall shortage. Pal-
mer (1965) proposed the Palmer Drought Severity Index
(PDSI) for characterization of meteorological drought.
McKee et al. (1993) proposed the standardized precipita-
tion index (SP/) to evaluate drought conditions for various
timescales in different scenarios. Drought is usually
grouped into meteorological drought (1- to 3- month time-
scale) to hydrological drought (6- month up to 24- month
timescale) in terms of several indexes (Wildhite and
Glantz, 1985). However, the main problem is that SPI is
based on precipitation data only. This implies that SP/
does not recognize the influence of temperature on
drought conditions. More recently Vicente-Serrano et al.
(2010) proposed the standardized precipitation evapo-
transpiration index (SPEI) which is based on precipitation
and temperature (e.g. evapotranspiration) records. Tsakiris
and Vangelis (2005) have stressed on the motivation for
using potential evapotranspiration (PET) in drought sever-
ity evaluation. Those authors considered that PET can be
considered as a key variable representing the intensity of
the atmosphere to extract water from a selected system.
Even thoughSPI and SPEI are valuable tools within the
context of hydrological sciences, those indexes do not per-
mit to detect hidden trends or to detect the probability of
future extreme events. In this context, the rescaled range
analysis (R/S) developed by Hurst (1951) to predict Nile
River flooding could be a valuable tool for a better analy-
sis and interpretation of SPEI time series. This non-
linearmethod has been wused with rainfall data
corresponding to several climatic environments (e.g. Zhou
et al., 2005). While traditional drought indicators (e.g. SP/
or SPEI) use one month or one week as the minimal time-
scale, R/S can analyze smaller timescales (e.g. minutes,
hours or days) in terms of up- or down- scaling. Thus, our
main hypothesis is that Hurst exponents computed from R/
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S analyses could be statistically correlated to SPEI values.
The objectives of the present work were (i) to investigate
hydrologicalpatterns in a larger region of the Brazilian
rainforest through 9-month SPEI series and (ii) to search
for long- or short-term correlation within the number of
days with precipitation by monthand accumulated
monthly rainfall.

2. Material and Methods

2.1. Study area and data characteristics

The study covers an important part of the Amazo-
nian area of Brazil (e.g. from -48.35° to -70.76° West
Longitude and -16.45° to 2.82° South Latitude). The spa-
tial distribution of the meteorological stations is presented
in Fig. 1. We considered a total of fifteen sites across
seven Amazon states from Brazil. Table 1 shows basic
information (e.g. geographical coordinates and height
above sea level)about each meteorological station. We
collected accumulated monthly rainfall and monthly mean
temperature from each meteorological station. In order to
investigate recent hydrometeorological patterns, we used
uniform rainfall datasets ranging from 2001 to 2015. In
addition, the number of days with precipitation by month
for the same time period was also collected from each
meteorological station.

2.2. Standardized Precipitation Evapotranspiration
Index (SPEI)

Monthly rainfall and monthly mean temperature
records were used for computing the standardized pre-
cipitation evapotranspiration index (SPEI) on a 9-month
timescale. In particular, that timescale could be convenient
for monitoring inter-seasonal hydrological patterns
(WMO, 2012). The mathematical rationale of SPET is well

Atlantic Ocean
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Figure 1 - Geographical location of meteorological stations.
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Table 1. - General information of meteorological stations

Station Location State Longitude  Latitude h‘a‘s;l
ID @) ©) (m)
82191 Belem Para -48.43 -1.43 10.0
82024 Boa Vista Roraima -60.66 2.82 83.0
83309 Diamantino Mato -56.45 -14.4 286.3
Grosso
82336 Itacoatiara ~ Amazonas -58.43 -3.13 40.0
82098 Macapa Amapa -51.11 -0.05 14.46
82331 Manaus Amazonas -60.01 -3.1 61.25
82562 Maraba Para -49.13 -5.36 95.0
83214 Matupa Mato -54.91 -10.25 285.0
Grosso
82240 Parintins Amazonas -56.73 -2.63 29.0
83228 Peixe Tocantins -48.35 -12.01 242.49
82915 Rio Branco Acre -67.8 -9.96 160.0
83410  Rondonopolis Mato -54.56 -16.45 284.0
Grosso
82807 Tarauaca Acre -70.76 -8.16 190.0
82317 Tefé Amazonas -64.7 -3.83 47.0
82361 Tucurui Para -49.66 -3.76 40.0

“height above sea level.

described in Vicente-Serrano et al. (2010). However, we
describe here its basic grounds:

Basically, the SPEI makes use of the difference
between the monthly or weekly precipitation (P) and
potential evapotranspiration (PET). The PET values are
computed following the approach by Thornthwaite (1948).
That is, the monthly PET (mm) is calculated as:

107\
PET:16K<%> (1)

where 7 is the monthly mean temperature (°C), /, is a heat
index which is the sum of 12 monthly index values, i:

-G e

m=6.75x10""1 - 7.71x10"°I*

3
+1.79x10721 +0.492 3)

and K is a correction factor computed as a function of the
month and latitude.

< () (=) ®

NDM is the number of days of the month and N is the
maximum number of sun hours.
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N= (%) o (5)

where w is the hourly angle of sun rising.
w; = arccos( — tangtand) (6)

Here ¢ is the latitude in radians and 6 is the solar declina-
tion in radians.

2nJ
6=0.4093sen (% - 1.405) (7)

where J is the average Julian day of the month.
The difference between rainfall P and PET for the i
-month, is computed as:

D, =P, - PET, (8)

The computed D;v values are then aggregated at different
timescales in the same way as that for computing SPI.
That is, the difference D in a given month j and year i
depends on the timescale & (e.g. 1, 3, 6,.., 24 months). We
reproduce here the same example used by Vicente-Serrano
et al. (2010). For instance, the accumulated difference for
one month in a particular year i with a 12-month timescale
is calculated as:

XikJ: 112:13—k+j (Di‘1=l)+2§:l (Dia),if j <k (9)

and:

W= P0izE (0

Here, D;; = P — PET in the first month of the year i in
millimeters.

Different to SP/ computation which uses a two para-
meter distribution (Gamma distribution), SPEI calculation
requires a three-parameter distribution to model D; values
for different timescales. In this case, Vicente-Serrano et al.
(2010) proposed a log-logistic distribution function. It is
instructive to recall here that its probability density func-

tion is:
ey A ol Y

a\ a a
while its probability distribution function is:
1

1+ (%ﬂ _ (12)

where o, f, and y are the scale, shape, and origin para-
meters, respectively.

F(x)=
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After that, the SPEI can be calculated as standar-
dized values of F(x):

Co+ C\W + C,W?
L +d\W+dyW2+d3 W3’ (13)

where W=+/-2In(p), for p<0.5

SPEI =W —

where p is the probability of exceeding a given D value,
p =1 — Fkx), Cp = 2515517, C; = 0.802853,
C, = 0.010328, d; = 1.432788, d, = 0.189269,
d; = 0.001308. In addition, when p >0.5, it is replace by
1 — p and the sign of the corresponding SPEI value is
inverted. The software for computing the SPEI isof public
domain (Begueria and Vicente-Serrano, 2013).

2.3. Rescaled range (R/S) analysis and Hurst
exponent estimation

Each time series corresponding to the number of
days with precipitation by month and accumulated
monthly rainfall was detrended for removing trend and
any seasonal component (Shumway and Stoffer, 2006).
Furthermore, Mandelbrot and Wallis (1969) recommended
removing periodic structures before the application of the
R/S method:

Yd[:Y[—(a+bt[) (14)

where Y. is the ith detrended value at the i th month (¢,),
Y; is the ith observed (untransformed) record and « and b
are the coefficients of the linear trend equation. This pro-
cedure transforms the original data into a residual time
series. Thedetrended time series of days with precipitation
by month were used for performing rescaled range (R/S)
analysis and to compute the Hurst exponent (H, hereafter)
(Hurst, 1951). In addition, Hurst exponents were also
computed from each time series corresponding to the
accumulated monthly rainfall (H, hereafter). The mathe-
matical basis of the rescaled range method is described in
many papers (e.g. Hurst, 1951; Feder, 1988; Turcotte,
1997; Shi et al., 2013). Nevertheless, it could beuseful to
recall here its fundamentals:

Assume a time series of a given meteorological vari-
able {Y (7)} (r=1,2,...,m) and compute the mean value:

1 T
YT:_thly(t) (15)
After that we calculate the cumulative deviation as:
YZ,TZZ::I[Y(I)_YT]aIStST (16>

Define a range series:

_ maxY(t,7)— minY(t,7)
S l<t<t 1<y

R(z) (17)
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The standard deviation series is defined as:

S(0)= \/ (1 > Y- Yff) (18)

Finally, the rescaled range (R/S) is a power law of the time
lag (1):

(R/S),=ct" (19)

where H is the Hurst exponent (0 < H < 1) and ¢ is a con-
stant representing the rescaled range at a unit time scale
(e.g. T = one day). In practice, ¢ and H are dependent
constants.

Eq. (19) can be used with empirical or simulated
observations after a log-log transformation:

log[R/S], =log(c) + Hlog(z) (20)

The value of the Hurst exponent can be used to predict the
future trend of a meteorological variable based on its cur-
rent behavior. For example:

a. H = 0.5 indicates that rainfall variance is due to inde-
pendent, random (Gaussian) processes. That is, there is
no correlation between past and future rainfall events.

b. 0.5 < H < 1 signifies that past and future rainfall events
are positively correlated. This positive trend (persis-
tence) can span several time scales.

c. 0 < H < 0.5 implies that past and future rainfall events
are negatively correlated in time. Such a negative trend
(antipersistence) can also span several time scales.

The Hurst exponents estimated from the detrended
number of days with precipitation by months are repre-
sented by H, while those computed from monthly rainfall
are denoted by H,.

All the statistical analyses were conducted using
StatisticaTM Software Package (StatSoft Inc., 2011).

3. Results and Discussion

Table 2 shows the descriptive statistics of monthly
rainfall corresponding to the whole available time period
for each meteorological station. That classical analysis
revealed a large spatio-temporal variability in terms of
coefficient of variation (CV). It ranged from CV = 50.7%
for Tefé (Amazonas state) to CV = 103% for Peixe (To-
cantins state). The maximum precipitation values were
registered in the Northern-Northeastern parts of the basin.
For example, Parintins (Amazonas state) recorded
773.3 mm while Belem (Para state) registered 742.5 mm.
Note however that 9 out of 15 sites recorded months with
zero rainfall. In general this information agrees, to some
extent, with the mechanism of moisture transport and con-
vergence evaluated by many simulation models (Martins
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Table 2. - Descriptive statistics of monthly rainfall

Location Mean Min. Max. St. Dev. Cv

(mm)  (mm)  (mm)  (mm) (%)
Belem 278.3 413 742.5 155.7 56.0
Boa Vista 151.7 0.0 667.5 147.5 97.2
Diamantino 165.3 0.0 638.3 148.2 89.5
Itacoatiara 213.7 1.4 605.0 143.5 67.1
Macapa 207.8 0.0 679.2 155.9 75.0
Manaus 196.3 0.6 553.0 131.0 66.7
Maraba 148.9 0.0 517.8 132.5 88.9
Matupa 175.4 0.0 587.5 155.1 88.4
Parintins 220.1 1.3 773.3 162.2 73.7
Peixe 118.7 0.0 527.5 122.6 103
Rio Branco 164.5 0.0 512.2 116.5 70.8
Rondonopolis 108.0 0.0 572.2 110.4 102
Tarauaca 192.7 2.0 513.2 115.5 59.9
Tefé 210.7 26.0 637.2 106.8 50.7
Tucurui 206.2 0.0 732.3 178.5 86.5

et al., 2015). On the other hand, Table 3 presents the
descriptive statistics of monthly mean temperature for all
the sites. Mean temperature showed less variability as
compared to precipitation in terms of CV values. Coeffi-
cient of variation (CV) spanned from 2.2% for Belem
(Par4 state) to 6.3% for Rondonopolis (Mato Grosso state).
Figure 2 presents the time series corresponding to monthly
rainfall and monthly mean temperature for three selected
sites (Boa Vista, Rondonopolis and Tefé). We found a
slight increase of monthly mean temperature as shown by
the trend line. For example, an increase of 0.47 °C was
detected in Boa Vista (Roraima state), 0.70 °C in Rondo-
nopolis (Mato Grosso state) and 0.31 °C in Tefé

Table 3. - Descriptive statistics of monthly mean temperature.

Location Mean (°C) Min.(°C) Max.(°C) St. Dev.(°C) CV(%)
Belem 26.9 25.5 28.1 0.59 22
Boa Vista 28.1 25.7 30.1 0.95 34
Diamantino 253 213 283 1.47 5.8
Itacoatiara 273 22.8 30.1 1.00 3.6
Macapa 274 25.3 29.3 0.98 3.6
Manaus 27.4 25.2 30.2 1.00 3.6
Maraba 27.7 25.8 29.8 0.92 33
Matupa 254 23.7 27.7 0.76 3.0
Parintins 279 25.2 30.1 1.06 3.8
Peixe 26.2 22.9 29.0 1.15 4.4
Rio Branco 25.2 19.8 26.9 1.06 4.2
Rondonopolis 252 21.0 28.7 1.60 6.3
Tarauaca 25.8 20.3 272 0.81 32
Tefé 27.0 24.9 28.9 0.66 2.4
Tucurui 27.7 26.0 29.7 0.75 2.7
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(Amazonas state. A similar trend was found for all the
investigated time series. In the present study, the mean
value of temperature increase was 0.71 °C for the 15 stu-
died locations. This is consistent with the fact that, at a
global scale, mean temperature has increased about 0.6 °C
over the last century (Molla et al., 2006). According to an
IPCC report (IPCC, 2007), an increasing rate of warming
has occurred over the last 25 years.

Figure 3 shows the SPET oscillation for all the inves-
tigated locations. The percentage of SPEI values in the
nearnormal class (-1 < SPEI < 1) ranged from a minimum
59.8% for Peixe (Tocantins state) to a maximum value
69.7% for Tarauaca (Acre state) (Table 4). On the other
hand, the proportion of SPE! values within the moderate to
extremely dry category (-3 < SPEI < -1) ranged from
14.5% for Diamantino (Mato Grosso state) to 21.5% for
Peixe(Tocantins state) (Table 4). In particular, we found
important moderate to extreme droughtperiodsfor five
investigated sites (e.g. a run of more than 12 consecutive
months with SPE/ < -1) (Fig. 3): for example Matupa
(Mato Grosso state) approximately from May 2001 to
April 2003 and Rondonopolis (Mato Grosso state) from
March 2001 to June 2003. This is significant as Mato
Grosso is located within the so-called deforestation arc
(Bonini et al., 2014). One site from Amazonas state also
showed more than 12 months of moderate to extreme
drought: Itacoatiara (from August 2005 to October 2006.
The longer period of moderate to extreme drought was
detected for Peixe (Tocantins state) and lasted approxi-
mately 16 months (from March 2013 to October 2014)
while Rio Branco (Acre state) showed a 14-month period
of moderate to extreme dry (from March/April 2011 to
May 2012 approximately). That residence time is more
than 8% of the time within drought categories. Many
authors have identified deforestation as the main cause of
such a hydrological alteration (Moraes ef al., 2013) while-
other authors hold that drought is a multi-causal phenom-
enon (Zeng et al., 2008). Based on SPEI classification, the
9-month timescale detected hydrological drought in dif-
ferent regions of the Amazon basin spanning different
periods of time. It could be useful to consider other SPE]
time scales in the future. Note however, that SPET values
based on a single 9-month timescale detected drought per-
iods unobserved in other studies. It is due, in part, to the
insertion of mean temperature into the computations. We
are well aware that availability of large precipitation and
temperature records can improve the SPE/ interpretation.
However, we considered that the derived information for
the last 15 years could be valuable within the context of
the present investigation.

The Hurst exponent estimated from the detrended
number of days with precipitation by month ranged from
H,;=0.382 (strong antipersistence) for Diamantino (Mato
Grosso) to H; = 0.636 (strong persistence) for Tefé (Ama-
zonas) (Table 5). Based on the confidence limits of H,
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Figure 2 - Accumulated monthly rainfall and mean monthly temperature for three selected locations.

estimates, those time series corresponding to Macapa
(Amapa state), Maraba (Para state), Matupa (Mato
Grosso), Rio Branco (Acre state) and Tarauaca (Acre
state) were very close to the theoretical Gaussian limit
H; = 05 (H; = 0.533+0.017, H; = 0.530+0.020,
H,; = 0.468+0.022, H; = 0.525+0.027 and H,; = 0.490
+0.022, respectively). That is, at a first criterion we could
accept the hypothesis on the independence (e.g. random
increments) between past and future daily rainfall patterns.
This suggests, to some extent, that those variables close
connected to daily rainfall patterns such as air tempera-
ture, atmospheric moisture distribution or convective pro-
cesses also could show random (Gaussian) variability in
those particular sites (Fraedrich, 2002). In particular, H, >
0.5 indicates that present and future daily rainfall patterns
tend to persist, at least, in the near future. Some sites loca-
ted at Central to Northeast Amazonia showed moderated
persistence in the monthly number of days with rainfall
occurrence (e.g. Belem, Manaus, Parintins) while some
zones located at South to Southwest Amazonia presented
moderated anti-persistence (e.g. Peixe, Rondonopolis)
(Table 5). In this case, the observed daily rainfall patterns
show a reversal trend. Hurst exponents estimated from

detrended time series of accumulated monthly rainfall
ranged from H, = 0.302 for Peixe (Tocantins state) to H,. =
0.548 for Tefé (Amazonas state). Note that most H,. values
were consistently below 0.5 (Table 5). We found a sig-
nificant linear relationship (significance level p < 0.05)
between Hurst exponents estimated from the number of
days with precipitation by month (H;) and monthly mean
rainfall (Fig. 4):

Hy = 0.44(0.13)10g(Pyean)
~0.485(0.29), R = 0.793

where 10g(P,,cqn) 1s the logarithm of mean rainfall values
as shown in Table 2.

Eq. (21) conveys information on the potential utility
of Hurst analysis. Irrespective of the amount of daily rain-
fall, the scale invariance of detrendednumber of dayswith
precipitation by month determines the randomness, persis-
tence or anti-persistence of rainy patterns as a whole. It
also suggests thatmoving from anti-persistence to persis-
tence as a function of daily rainfall could be related
toother scaling processes showingnegative correlation and
trend reversal or positive correlation between past and
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Figure 3 - SPEI (9-month timescale) oscillation for all the investigated sites.

present wet states and non-periodic cyclical pattern. For
example, a typical case is the evaporation to precipitation
ratio (Millan et al., 2009). In particular, the long-term
memory effect could be induced by low frequency atmo-
spheric variability (Fraedrich, 2003). For example, Man-
abe and Delworth (1990) considered that soil moisture can
contribute to such low frequency atmospheric variability.
The extreme cases of anti-persistence in terms of H value
were found for Diamantino (H,; = 0.382 and H, = 0.315)

SPEI

SPEI
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Diamantino, Matupa, Rondonopolis
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and Peixe (H;= 0.428 and H,. = 0.302). This indicates that
actual dry patterns detected in that zonescanintensify in
the future so as the probability of extreme events (e.g.
droughts). For example,Diamantino showed a rainfall
decrease of about -12 mm while Tefé (H;= 0.636 and H,.=
0.548) presented an increase of approximately +19 mm in
the last 15 years. That information can be obtained from
the linear trend of the original, untransformed, time series.
In meteorological terms, few days with intense, local and
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Table 4. - Percentage of SPEI values in approximately normal (-1 <SPEI
< 1) and moderate to extremely dry (-3< SPEI <-1) classes.

Location -1 <SPEI <1 (%) (-3<SPEI <-1)
Belem 68.0 18.0
Boa Vista 65.6 16.8
Diamantino 67.7 14.5
Itacoatiara 65.0 20.3
Macapa 61.0 20.9
Manaus 65.1 16.8
Maraba 61.7 15.2
Matupa 66.8 18.0
Parintins 62.7 16.2
Peixe 59.8 21.5
Rio Branco 65.1 16.4
Rondonopolis 62.7 19.2
Tarauaca 69.7 15.7
Tefé 62.2 16.2
Tucurui 60.4 18.6

short-lived rainfall events (e.g. convective rainfall events)
in a month can produce a larger accumulated monthly
rainfall than many days with stratiform rainfall. On this
basis, we could hypothesize that H; > 0.5 and H, < 0.5
indicate that persistence of the number of days with pre-
cipitation by month combined with anti-persistence of the
accumulated monthly rainfall are due to the relevance of
stratiform rainfall more than convective rainfall(e.g.
Belem, Tucurui) (Table 5). Thatassumption agrees with
previous results derived from wavelet analysis by Venu-
gopal and Foufoula-Georgiou (1996). Wang et al. (2010),

SPEI and Hurst Analysis of Precipitation in the Amazonian Area of Brazil

using detrended fluctuation analysis, alsofound short-
range and long-range correlations for the Amazon. Those
authors also considered soil moisture as an important driv-
ing agent in land-atmosphere interactions. In particular,
Mato Grosso showed a forest loss of about 13.4% in the
period 2001-2012. That is, deforestation can intensify
evaporation and soil moisture shortage. In fact, soil moist-
ure deficit combined with high temperature affects evapo-
transpiration which also influences SPEI values. This
could alsoexplain, to some extent, the anti-persistent rain-
fall patterns in some studied sites. Furthermore, evapora-
tion can exceed precipitation in those deforested areas
which could modify the hydrological cycle (Millan et al.,
2009). We do not have any information on previous works
relating scaling indexes as derived from fractal concepts to
first order statistics (e.g. mean values) of hydro-
meteorological variables. SPEI and Hurst exponents are
valuable parameters for identifying vulnerable areas in
terms of extreme events (e.g. droughts and intense rain-
fall). It is also interesting that orographic factors (e.g.
height above sea level) can also determine the nonlinear
scaling of rainfall events. If one correlates the height
above sea level (Table 1) with H, (Table 5) will find a sig-
nificant negative linear relationship between both para-
meters (R = -0.776, p < 0.05). This result is physically
sound since one could expect a drier atmosphere as the
height above sea level increases. Finally, we could identify
two potential utilities of Hurst exponents for conducting
hydrometeorological investigationsin the Amazon basin.
First of all, H values can be incorporated within nonlinear
models for making rainfall events simulation and second,
the existence of scale invariance as represented by Hurst
exponents is a key component for up-scaling atmospheric

Table 5. - Rescaled range analysis parameters[in parenthesis lower (-) and upper (+) confidence limits for a level a = 0.05].

Location Cq H, (days with rainfall) R c, H, (monthly rainfall) R

Belem 1.60(£0.16) 0.552(£0.015) 0.950 1.56(+0.031) 0.409(x+0.016) 0.965
Boa Vista 1.73(£0.17) 0.425(£0.014) 0.954 1.37(x0.028) 0.451(x0.014) 0.976
Diamantino 1.81(£0.14) 0.382(£0.021) 0.979 2.03(x0.038) 0.315(x0.020) 0.950
Itacoatiara 1.68(+0.08) 0.543(+0.014) 0.993 1.74(+0.047) 0.413(x0.025) 0.981
Macapa 1.70(£0.20) 0.533(+0.017) 0.910 1.61(+0.032) 0.405(x0.017) 0.963
Manaus 1.53(+0.16) 0.566(+0.018) 0.951 1.43(+0.029) 0.439(+0.015) 0.983
Maraba 1.69(+0.20) 0.530(+0.020) 0.950 1.78(+0.036) 0.382(x0.019) 0.950
Matupa 1.71(x0.16) 0.468(+0.022) 0.954 2.10(+0.042) 0.305(x0.022) 0.931
Parintins 1.54(x0.09) 0.567(+0.015) 0.991 1.46(x0.031) 0.434(x0.016) 0.970
Peixe 1.72(+0.10) 0.428(+0.027) 0.986 2.08(+0.042) 0.302(x0.022) 0.942
Rio Branco 1.71(x0.12) 0.525(+0.027) 0.976 1.70(+0.034) 0.379(+0.018) 0.957
Rondonopolis 1.72(x0.17) 0.430(+0.021) 0.912 1.25(+0.025) 0.469(x+0.013) 0.989
Tarauaca 1.73(x0.10) 0.490(+0.022) 0.985 1.47(x0.029) 0.442(+0.015) 0.973
Tefé 1.46(x0.14) 0.636(+0.013) 0.958 0.96(+0.029) 0.548(+0.015) 0.982
Tucurui 1.68(+0.16) 0.544(+0.02) 0.950 1.65(+0.032) 0.400(+0.017) 0.961

+ - -
Correlation coefficient.
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Figure 4 - Linear relationship between Hurst exponent (H;) and the
logarithm ofthe accumulated monthly rainfall.

processes. That is, yearly rainfall dynamics could be mod-
eled by actual monthly patterns.

4. Conclusion

We used a 9-month timescalestandardized precipita-
tion evapotranspiration index (SPEI) for investigating the
current state of hydrometeorology in 15 sites of the Ama-
zonian rainforest. Even thought the percentage of SPEI
values within the near normal class was over59%, five
sites showedmore than 12 consecutive months of moder-
ate to extreme drought (-3 < SPEI < -1). Hydrological
droughts were present in different years within the con-
sidered time periodaccording to SPEI classification. In
addition, we performed re-scaled range analysis (R/S) for
estimating the Hurts exponent corresponding to each
detrended time series of days with precipitation by month
and monthly rainfall. There was a positive linear relation-
ship between the Hurst exponent (H,) and the monthly
mean rainfall. This could help to incorporate theoretical
concepts of scaling for interpreting the evolution in time
ofrainfall events. As Amazonia climate is very complex,
future investigations could be conducted to test whether
persistence (H > 0.5) or anti-persistence (H < 0.5) of rain-
fall time series detected at smaller timescales (e.g. days)
could be replicated at larger timescales (e.g. months or
year. This would require larger data sets. Hurst exponents
could be also associated to the rainfall generating mechan-
ism (e.g. convective or stratiform rainfall). In terms of H,
and H,, different Amazonian regions showed different
rainfall regimes. That is, moderate persistence at Central
to Northeast Amazonia to moderate anti-persistence at
South to Southwest Amazonia with extreme cases at Mato
Grosso state.
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