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ABSTRACT

The objective of this study was to investigate the hypothesis of stationary behavior in the streamflow regime
of the upper Jurua river. For this purpose, annual maximum daily flow data recorded at stations located in
Cruzeiro do Sul and Marechal Thaumaturgo, AC, Brazil, were analyzed using Mann-Kendall, Pettitt, and
Spearman’s Rho tests. The results show sufficient evidence to conclude that in Cruzeiro do Sul flow rates have
an ascending temporal behavior, while in Marechal Thaumaturgo it is descending. However, this tendency is
not significant (p<0.05), allowing to conclude in favor of the hypothesis of stationarity in the streamflow series
of the referred basin. Thus, one of the physical implications associated to the results obtained may be the
conclusion that the streamflow regime in the Upper Jurué basin has not changed significantly over time.

Key words: stationarity, annual maximum daily flow, Upper Jurua basin.

RESUMO

O presente estudo tem o objetivo de investigar a hip6tese de comportamento estacionario no regime de vazdes
do alto rio Jurud. Para tal, foram utilizadas as séries temporais de vazfes diarias maximas anuais, gravados nas
estagdes localizadas em Cruzeiro do Sul e Marechal Thaumaturgo, as quais foram analisadas por meio do teste
de Mann-Kendall, de Pettitt e do Spearman Rho teste. Os resultados demonstram evidéncias suficientes para
concluir que, em Cruzeiro do Sul, as vazdes apresentam comportamento temporal ascendente, enquanto em
Marechal Thaumaturgo descendente. Entretanto, tal inclinacdo ndo é significativa (p<0,05), permitindo
concluir em favor da hipdtese de estacionariedade nas séries de vazdes da referida bacia hidrografica. Assim,
uma das implicac0es fisicas associadas aos resultados obtidos pode ser a conclusao de que o regime de vazdes
na bacia do Alto Jurué ndo sofreu alteracdes significativas ao longo do tempo.

Palavras-chave: estacionariedade, vazdes maximas, Bacia do Alto Jurua.

Introduction for diverse human activities. Scientific and
technological advances have allowed the
development of important tools for the
management of available water resources. Such
techniques allow and stimulate the study of
hydrological alterations in hydrographic basins,
especially in streamflows, and impact on resultant
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The need (or interest) to understand the
components and the dynamics of hydrological
processes and the use of hydrological resources
dates back to the formation of the first civilizations,
due to the fact that water is a fundamental element
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water availability for the most diverse uses, such as
public supply, irrigation, power generation, etc.
(Vilanova, 2014; Moreira et al., 2016a).

In the last decades, potential changes in
climate patterns both on regional and global scales
have become a relevant topic in academic and
scientific circles. That concern is justified by the
possible implications of such changes and
especially by their influence on hydrological
phenomena, since it is known that hydrological
variables depend on the climate and its temporal
and spatial changes (Penereiro and Orlando, 2013;
Coopersmith et al., 2014).

The discussion about potential climate
changes has motivated research on the various
components of the hydrological cycle, especially
those that allow the identification of possible trends
or other non-stationarity factors in the records of
hydrological variables along the time scale (Avila
et al., 2014; Uliana et al., 2015). According to
Joseph et al. 2013, the verification of possible non-
stationarities in hydrological series is important for
the management and handling of hydrographic
basins and their available resources. In addition to
that, Uliana et al. 2015, emphasize that trend
investigation is an important tool for many
applications of hydrology, allowing to examine the
temporal behavior of hydrological variables.
Additionally, Penereiro and Orlando 2013,
maintain that this type of investigation helps in the
search for a regular occurrence of hydrological
phenomena and supports the possibility of
predictions that may assist in water resources use
planning.

It is important to note that non-stationarity
in a hydrological time series is a systematic and
continuous change in any parameter of a given
sample, excluding periodic or quasiperiodic
changes from this definition. Non-stationarity
types include trends, jumps or cycles over time
(Naghettini and Pinto, 2007; Silva and Souza,
2013). There are many widely used tests for
investigating non-stationarity in  series of
hydrological variables, including non-parametric
tests. Among the latter, the most important ones are
statistical tools specifically designed for this
purpose, such as the Mann-Kendall test, the
Spearman test and the Pettitt test (Back, 2001;
Shadmani et al., 2012).

Thus, the present study intends to
investigate the hypothesis of stationary behavior in

the hydrological daily streamflow series of the
hydrographic basin of the Upper Jurua river. For
that, the author analyzed sample records from two
fluviometric stations present in the region using
non-parametric tests.

Materials and methods
Study Area

The study area comprises the sub-basin of
the Upper Jurua River, located in a wide area of the
Acre State in the Jurué Valley region, characterized
by the predominance of large rivers and vast
extensions of native forest (Acre, 2012).

Following the Kdppen climate
classification system, the predominant climate in
the study region can be described as tropical
rainforest (Af), wet and hot, with an average annual
temperature around 24.5°C (76°F). The climate
pattern is characterized by a dry period (May to
September) and a notably rainy season (October to
April), with average annual precipitations of
approximately 2,000 mm (Delgado and Souza,
2014; Moreira et al., 2016a).

Regarding streamflows, the region is
similar in character to the whole state of Acre, with
a period of low flow rates and another with the
highest recorded annual flows, coinciding
respectively with the aforementioned dry and rainy
periods. The dry, low-flow period is popularly
known as the "Amazonian summer," while the
rainy season with higher flows in the watercourses
is known as the "Amazonian winter." In the heavy
rainfall period, it is common for rivers to overflow
their banks in their main channels, consequently
invading their flood plains (Macédo et al., 2013;
Moreira and Naghettini, 2016).

Hydrological Series

This study was based on data recorded on
two fluviometric stations located on the Jurua
River: 12370000 and 12500000, in the
municipalities of Marechal Thaumaturgo (8°56'S;
72°47'W) and Cruzeiro do Sul (7°38'S, 72°39'W),
respectively (both in WGS84 datum) (Figure 1).
The operational responsibility for these stations
belongs to the Brazilian National Water Agency
(ANA).
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Figure 1: Location of the hydrographical basin of the upper Jurué river, State of Acre

The values used in this work are those
referring to the annual and monthly daily
maximum flows. The analysis considered data
recorded from January 1982 to December 2011 in
the Marechal Thaumaturgo station and data from
January 1968 to December 2011 from the Cruzeiro
do Sul station. Only the values already available in
the ANA database, accessed through the HidroWeb
platform, were considered.

It should be noted that in this region there
are two other stations that were not included in the
present study: one located in the Foz do Breu
community (at the Brazil-Peru border) and another
in the municipality of Porto Walter. Such exclusion
is motivated by significant flaws in the data series
of the Foz do Breu station, which could
compromise the results of the analysis, while the
second series covers a very short period and
therefore could also influence the analytical
decision about the presence or not of temporal
trends.

Statistical Tests

Mann-Kendall Test

The Mann-Kendall test, also known as the
MK test, is a non-parametric statistical test that is
widely used to identify significant trends in long-
term hydrometeorological series. Many authors
report among their conclusions that the MK test has

proven to be quite robust when analyzing non-
stationarity and deviations from normality in a time
series (Moreira et al., 2016a; Santos et al., 2016).

As described by Moreira et al. (2016a) and
by Sanches et al. 2017, given a series (X1, X2, ...,
Xn) from a sample of n independent, identically
distributed random variables, the MK test is given
by the following equation:

S = nz_:l zn: sgn(Xj — Xl-)

i=1 j=i+1
In which X; represents the values from the
series (in this case, taken in annual time intervals);
i and j are the time indices and n is the number of
elements in the series. The term sgn(X; — X;) is
determined by the following equation:
+1if (X; —X;) >0
0if (X; —X;) =0
—-1if(X; —X;) <0
Mann 1945, and Kendall 1975, explained
that the statistic S follows approximately a normal
distribution when n > 8. For data with no bound
elements (equal values), the test statistic presents a

mean E(S) and variance Var(S) given
respectively by:

sgn(Xj — Xi) =

E(S) =0
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1
Var(s) = (ﬁ) [n(n — 1)(2n + 5)]

If there are bound points, variance is
corrected by the following expression:

n(n—1)(2n+5)
1 q
var(s) = (E) — z t,(t, —1)(2¢t, +5)
p=1

In which t,, denotes the number of bound points
from p until g.

The significance of the MK test can be
verified through a bilateral test, with the
standardized statistic Z,;, expressed as follows:

(=22 ifS >0
—i
|w/Var(S)

s+1

v Var(S)

According to Moreira et al. (2016a), the
null hypothesis (H,), for absence of trend in the
series, is rejected if |Zyk| > Z, /5, in which a is
the level of significance adopted and Z,/, is the
value of the standard normal distribution with a
probability of exceedance of a/2. The sign before
Zuxk indicates whether the trend is increasing
(Zux > 0) or decreasing (Zyx < 0). The level of
significance most commonly used is a = 0.05.
Having adopted it in the present study, Z,,, =
1.96. The p-value of the statistic S for the sample
data can be estimated by the cumulative probability
for the normal distribution, considering that if p <
a, the test presents evidence for the rejection of
H,, suggesting the presence of trends in the series.

ifS<0

Pettitt’s Test

Pettitt's non-parametric test is used to
verify the occurrence of an abrupt change, or
change point, in a time series. This test uses a
version of the Mann-Whitney test, which verifies if
two samples Xi, Xa,..., Xi and X1, X2,..., Xv
belong or not to the same population (Penereiro
and Ferreira, 2011; Santos et al., 2016).

As described by Penereiro & Ferreira
2011, and Penereiro et al. 2016, the Pettitt’s test is
based on the null hypothesis Ho: the hydrological
series Xn shows no abrupt change, and its
application is not conditioned by an a priori
specification of the instant the change occurs (if it
occurs). The statistic U, r counts the number of

times a member of the first sample is larger than a
member of the second sample,‘as defined by the
following equation:

T
Ur = U1 + ngn(Xi —Xj),t =2,..,T

j=1
In which: ®)
1Lifx>0
sgn(x) =4 0,ifx =0
—1,ifx <0

With this, the statistic U, 7 is calculated for
values from 1 < t < T and the test statistic K(t) is
the maximum absolute value of U, r, i.e..

Max

KO =y o < plUerl

The statistic K(t) Iocat@é the point where
there was a sudden change in the mean of the
analyzed time series (if there is any). Its
significance can be verified using the following
equation:

T3 +T?

p= 2exp(

In which p is the level of significance and the null
hypothesis (Ho) should be rejected if p < a, being
a the level of significance of the test, usually
defined as 5%, as in the present study. The abrupt
change point is then the point in which the value of
t occurs for the maximum value of K(t) (Penereiro
and Ferreira, 2011).

Spearman’s Rho Test

Spearman's non-parametric  test, the
Spearman'’s Rho test or the SR test, aims to detect
a possible temporal trend in a hydrological series
by analyzing the correlation between the time
index and the data from the series of observations
(Naghettini and Pinto, 2007; Shadmani et al., 2012;
Santos et al., 2016).

The Spearman test is based on the correlation
coefficient between a classification order m;, a
sequenceX;, and time indices T; (1,2,...,N). As
described by Naghettini and Pinto (2007) and
Shadmani et al. (2012), the SR test statistic is based
on the coefficient determined from the following
equation:

_ 6 Xteq(my — Tp)
N3 —N
Considering a hypothesis based on the
absence of correlation between m; and X, it is
708
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demonstrated that, for N > 10, the distribution of
7, can be approximated by a normal distribution
whose mean is null and whose variance is given by
the following equation:
1
Var[r,] = N =1

Thus, with the null hypothesis Ho: "the sample
has no temporal trend", the Spearman's Rho test
statistic is formulated from the value obtained in
Equation 13, which follows a standard normal
distribution.

rS
Var[r,]

As this is a two-sided test, the most logical
decision in this case is to reject the null hypothesis

(Ho) if |T| > Z;_g/2, in which a is the level of
significance adopted and Z is the value of the
standard normal distribution.

Results and discussion  (12)

First, it was verified that the historical
mean of the annual maximum daily flows
registered in Cruzeiro do Sul (12500000) in the
studied period was of 3,243.9 m®¥s. The maximum
value recorded in the period in said station was
4,430.4 m¥ s in 1995, while the minimum value
was 2,059.4 m?s, recorded iy 2006. At the
Marechal Thaumaturgo station (12370000), the
historical mean was of 2,319.9 md%s, with a
maximum value of 2,796.7 m%/s recorded in 1986
and a minimum of 1,603.8 m¥s, in 2005 (Figure 2).
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Figure 2: Annual maximum daily flow of the Upper Jurua hydrographic basin, Acre, Brazil. The horizontal
reference line represents the historical mean calculated for the studied period.

These streamflow values are characteristic
to Amazonian rivers, which tend to present high
flow values and a large variation between the
maximum and minimum values recorded, as
reported by Moreira and Naghettini 2016, for these
authors, the hydrological conditions of the region
can be influenced by anthropic activities as well as
by fluctuations in its climate patterns.

For the temporal record, it was verified that
the values of the annual maximum daily flows
recorded in Cruzeiro do Sul present an ascending
behavior during the studied period. Figure 3 shows
the graph that confirms this statement. The dotted
line in said figure represents the linear trend of the
values of the historical series studied.
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Figure 3: Temporal behavior of the annual maximum daily flow values recorded in the Cruzeiro do Sul and
Marechal Thaumaturgo gauging stations, both located in the hydrographic basin of the Upper Jurua river,
Acre, Brazil.

In this sense, many studies report among
their results a similar conclusion for streamflow
and other hydrological variables (e. g. Shi et al.,
2018; Gao et al., 2018; Kahya and Kalayaci, 2004).
Among those, it is worth mentioning the work by
Santos et al. 2016, who have detected an ascending
behavior in the annual maximum daily flows
recorded in the Pardo river, in the states of S&o
Paulo and Minas Gerais, and the results obtained
by Moreira et al. (2016a), who have found a similar
behavior in the rainfall regime in Cruzeiro do Sul.

On its turn, data from the Marechal
Thaumaturgo station describe a descending
behavior in the records of annual maximum daily
flows over time (Figure 3). In this sense, Marengo
and Alves 2005, report a negative trend in the flow
series from the Paraiba do Sul river, a trend which
is significant for some gauging stations. The

authors report that river flows are important
indicators of climate variability and consider that
increasing or decreasing trends in hydrological
series can be explained by human influences.

Despite the ascending trend in the daily
maximum flow records in Cruzeiro do Sul and
descending trend for the values recorded in
Marechal Thaumaturgo over time, the evidence
obtained from the Mann-Kendall, Pettitt’s and
Spearman Rho tests converge by pointing to the
non-acceptance of the hypothesis of a significant
trend for the two studied series (p <0.05). In all
three tests, the p-value was greater than the level
of significance previously defined (@ = 0,05).
Therefore, it is concluded that these series can be
characterized as stationary.

Table 1 shows the results from each test.

Table 1: Summary of the results of trend, jump and stationarity tests in the series of annual maximum daily
flows recorded in the hydrographic basin of the Upper Jurua river.

Cruzeiro do Sul (12500000)

Marechal Thaumaturgo (12370000)

. Test
Test Test Statistics | p-value Test Statistics p-value
Mann- _ NS Mann- Zvk = - NS
Kendall Zwk = 1052 0293 Kendall 0.1784 0.858
Pettitt U=175 0.243 NS Pettitt U=61 0.898 NS
Spearman’s | _qgog | gosgns | SPEAIMAN'S | p g5 | 39gNs
Rho ‘ ‘ Rho ' '

Moreira, J. G. V., Aquino, A. P. V., Mesquita, A. A., Muniz, M. A, Serrano, R. O. P.

NS = not significant at the level of significance « = 0,05.
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The Mann-Kendall and Spearman's Rho
tests showed a non-significant trend in the two
series analyzed. In this sense, Alves et al. 2013,
analyzed trends and patterns of variation in
streamflow records made available by the Brazilian
National Electric System Operator (ONS) and
concluded that there are increasing trends in flow
series in the South, Southeast and Central-West
regions of Brazil, as well as decreasing trends in
North and Northeast regions. According to the
authors, such variations may cause impacts on the
Brazilian hydroelectric capacity in the long term.

In a study on maximum rainfall recorded in
Cruzeiro do Sul, Acre, Moreira et al. (2016a) report
a non-significant ascending trend. studying
climatological trends in Urussanga, Santa Catarina,
Brazil, Denski and Back 2015, have found a
significant ascending trend for the average annual
temperature series, and not significant trends for
series of other climate variables such as maximum
and minimum temperature, relative humidity and
wind speeds.

Still regarding temporal trends of series of
climate-related variables, Shadmani et al. 2012,
studied trends in Reference Evapotranspiration
series in arid regions of Iran and identified both
increasing and decreasing trends. The authors have
emphasized the need for more studies on the
behavior of variables that impact on the climate,
such as flows, especially in the current context of
possible changes in climate patterns.

There were no abrupt changes in the series
of annual maximum daily flows in the the
hydrographic basin of the Upper Jurua, and the
analytical decision in favor of their absence was
safeguarded by the results obtained using the
Pettitt’s test. The conclusions after studying the
Upper Jurud basin are different from those obtained
in an analysis of flow records from the Pardo River
in the research conducted by Chierice Junior and
Landim 2014, who have verified a change in the
flow regime recorded at the Fazenda Bela Vista
station, near the outlet of the Rio Pardo basin.
Uliana et al. 2015, found a significant trend as well
as change points in rainfall and flow series in the
city of Alegre-ES.

According to Santos et al. 2013, when
there is a significant trend in the flow regime, that
is, when there is stationarity in the series analyzed,
diverse factors contribute to this characteristic. The
authors warn that most flow records are affected by
human activity that impacts on the climate factors
operating in the river basin. In a recent study,

Uliana et al. 2015, subscribe to the same position
and specifically warn that changes in land use and
land occupation have direct effects on water
infiltration capacity of the soil, consequently
causing changes in the surface runoff regime. In
turn, according to Moreira et al. (2016b) and Gao
et al. 2018, many factors are reported among the
possible causes of trends or non-stationarity in
series of hydrological observations, including
alterations attributed to anthropic actions as well as
the effects of changes produced by the climate's
natural variability. For the authors, the joint or
isolated action of these elements may interfere,
indeed, with the temporal regime of several climate
variables, including flows. It may even increase the
risk of occurrence of extreme events.

Conclusions

The present work aimed to put into
question the analysis of stationarity in series of
hydroclimatic observations. For the studied
context, the Mann-Kendall, Spearman's Rho, and
Pettitt’s tests were used to analyze the series of
annual maximum daily flows observed in the
Upper Jurua hydrographic basin, considering the
records from the gauging stations located in
Cruzeiro do Sul and Marechal Thaumaturgo.

From a preliminary analysis, it was
verified that the flow series recorded in Cruzeiro do
Sul presents an ascending trend over time, while
the series from Marechal Thaumaturgo shows a
descending trend. Notwithstanding, the results of
the tests were sufficient to conclude for not
rejecting the hypothesis that the series analyzed are
stationary.

Thus, one of the physical implications
associated to the results obtained from the present
study (series of stationary flows) may be the
conclusion that the flow regime in the Upper Jurua
basin have not changed significantly over time, in
accordance with the conclusions reported in
previous studies and highlighted in this work.

Despite the uncertainties associated with
the climate processes that impact flow regimes, the
results obtained in the present study are relevant
and timely, and will serve as decision-support
elements in the management of water resources. In
addition, they can serve as a basis for other studies
that corroborate with the conclusion here presented
or even make evident additional elements on the
dynamics of the fluviometric regime of the region.
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