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Abstract

The constant demand for water resources has increased the need for research and adoption of new
water use and management practices. In this sense, this work utilizes multivariate cluster analysis
to identify the correlation of respective depths of bodies of water in Serra Talhada city, over different
periods of rainfall. In order to achieve this, four bathymetric surveys were carried out during one
year for three reservoirs within the municipality of Serra Talhada, then cluster analysis and multiple
modeling were used to identify the most influential variables on reservoir depth. Based on our results,
the multivariate grouping technique can be used to define periods of higher and lower water storage,
through bathymetric data, as well as to understand the effects of regional precipitation variability
on the water levels of reservoirs. In addition, the generated model indicated a clear influence of the
previous month'’s precipitation on the bathymetry of the reservoirs.

Keywords: Cluster analysis. Semiarid. Water resources.

Introduction

Increasing demand for water resources to meet the need of human consumption, as well as
industrial and agricultural uses, has required research and adoption of improved water use practices.
These include water resource utilization and management strategies that take advantage of knowledge
of the regional physical structure specificities in order to facilitate sustainable water management.

According to Lima et al. (2013), Brazil has several reservoirs that were formed mainly by
the damming of rivers in order to meet certain objectives, such as water supply, course regulation,
electricity generation, irrigation, navigation and recreation, with the greatest concentration of these
reservoirs being constructed in northeastern Brazil in order to meet the specific needs of this region.

In this sense, bathymetry, which is the science of determining depth of bodies of waters such
as oceans, seas, lakes, and rivers, can help understanding the dynamics of bodies of water. Once the
water depth level information is available, it becomes possible to characterize the physical traits of
specific reservoirs, which is a vital tool for evaluating hydrological behavior (CIGAGNA; BONOTTO;
STURARO, 2014) in relation to the reserve capacity.

Understanding the dynamics and behavior of reservoirs can help in better reservoir water
management and in semiarid and arid regions, which is even more important. Since these regions
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have a great variability of frequency and intensity of precipitation, as well as high evaporation rates.
In addition, the water supply of cities and agricultural activities depends on the quantity and quality
of these waters, which requires constant monitoring and management (BRAGA et al., 2015).

Thus, it becomes possible to envision measures consistent with the current reality of
environmental pressures on these bodies of water in order to facilitate the sustainable use of these
resources. In this sense, it is necessary to aggregate bathymetric data for the respective bodies of
water for analysis by means of multivariate statistical techniques.

Some studies have used multivariate techniques to group together different bodies of water
based on hydrochemical parameters in several conditions, such as works developed by Almeida and
Frischkorn (2015) and Almeida et al. (2016). However, there are no current studies of bathymetric
monitoring of bodies of water which utilize this technique. It is our belief that this application can ensure
better monitoring and earlier identification of impacts, such as silting, than traditional analyzes, such as
the study carried out in the same region of the present study by Lima and Shinozaki-Mendes (2017).

Therefore, the present work utilizes multivariate analysis to identify the relation between the
depths of bodies of water within the municipality of Serra Talhada, in association with different
periods of rainfall.

Material and methods

The bathymetric data was obtained between the years 2010 and 2013 in three reservoirs
located in the municipality of Serra Talhada in the state of Pernambuco, Brazil, located at average
coordinates of 07°59'07"S and 38°17'34"W at an altitude of 444 m, and at the semi-arid Brazilian
Pajel microregion (Figure 1). According to Kdppen, the climate is typical of the semi-arid region,
which is hot and dry, with average rainfall of 657 mm year! and an average annual temperature of
25.8°C (CRUZ NETO et al., 2017).

Figure 1 — Map of Brazil highlighting the state of Pernambuco (A), Map of Pernambuco highlighting Pajel
microregion and Serra Talhada — PE (B), Map of Serra Talhada with Cachoeira, Jazigo and Saco reservoirs (C).
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Bathymetric survey data was obtained from across the reservoir in zigzag movements from
shore to shore, based on a Global Positioning System (GPS), and the location of each reservoir,
acquisition dates and amount of points used can be found in Table 1. It was utilized the points
inside the reservoirs in order to minimize the effects of the edges and get the depths of the deepest
areas. Sonar bathymetric surveys of the reservoirs were carried out using a Garmin Fishfinder 90,
Dual-beam (80/200 kHz) sonar capable and Maximum depth 182,88 meters, with the aid of a
motorized watercraft. Since the analysis in each reservoir considered one year of evaluation, the
contribution of sedimentation or silting processes was considered null.

Table 1 - Location and Collection dates on reservoirs in Serra Talhada city, Brazil.

Reservoirs Latitude Longitude Data Collection Dates Amount of Points Used

Jazigo 08°0'13” S 38°14'8" W Sep/2012 51
Dec/2012
Mar/2013
Jun/2013

Cachoeira 07°57'57” S 38°19'54” W Dec/2012 41
Mar/2013
Jun/2013
Aug/2013

Saco Il 07°55'55" S 38°16'49" W Sep/2010 69
Dec/2010
Mar/2011
Jun/2011

Fonte: Elaborated by the authors (2019).

Precipitation data were obtained via the combined rainfall observation stations of IPA (Saco)
in Serra Talhada, maintained by the Pernambuco State Agency for Water and Climate (Agéncia
Pernambucana de Agua e Clima - APAC). For incomplete data (data loss by the system), supplemental
data were obtained from the nearest station of the National Institute of Meteorology (INMET), located
at the geographic coordinates 09°23'17.96"S and 40°31'23.74"W, at an altitude of 373m.

The clustering of similar categories was used as a classification technique in order to identify
homogeneous water bodies using the ascending order of depths of all points collected. The choice of
this criterion is because it is intended to classify the seasons only.

To utilize the clustering technique, hierarchical grouping criterion was the Ward method, in
which the measure of similarity was Euclidean distance. The Ward criterion (1963) allows groups
to be created by minimizing dissimilarities or by minimizing the square of the total sum within each
group. As such, a grouping of different bodies of water within the study area was carried out, based
on the depth, to identify reservoirs with similar depths and at what times of the year these bodies of
water present similarities.

The hierarchical grouping technique interconnects samples according to their associations,
producing a dendrogram, at which samples are grouped together according to the similarity of chosen
variables. This technique is best understood by the principle that greater resemblance is denoted by
decreased distance between objects. The cut-off point was determined according to the criterion of
half the longest distance, as proposed by Comunello et al. (2013). The multivariate statistic was
calculated in R version 3.4.1, in an integrated Rstudio development environment.
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To analyze the possible influence of the quarter of the year (T1: 1st quarter, T2: 2nd quarter,
T3: 3rd quarter, T4: 4th quarter), body of water (JD: Jazigo Reservoir, CR: Cachoeira Reservoir,
SR: Saco Reservoir), total rainfall during the month of bathymetry (P) and rainfall during the month
prior to bathymetry (PP) in the value of maximum depth (Depth, in meters), the following multiple
model (Equation 1) was used (MCCULLAGH, NELDER, 1989):

Depth= S+ B, TL+ B, T2+ B, T3+ 8, CR+ B JD+ B, P+ B, PP+¢ (1)

At which: B are the parameters of the model (1), ¢ is the error. The quarter variables were inserted as dummy
variables, and T4 was not inserted as a variable so that the matrix determinant was not zero. The bodies of
water were also inserted with dummy, and SR was not inserted.

To select the significant variables in the model, the stepwise process was used. To evaluate the
consistency of the model, the “F” statistic of the variance analysis for regression (p <0.05) and the
residual analysis was based on the Durbin-Watson (DW) statistic (DURBIN; WATSON, 1950).

Results and discussion

When analyzing the depth values (Table 2), the Saco Reservoir presented the highest average
values and the greatest variation for the evaluated months while Cachoeira and Jazigo had very similar
depth values during the evaluation period. For all the reservoirs, the deepest months is attributed to
the precipitation cycle of the region, as there is a tendency for the months with greatest depths to
coincide with the heaviest precipitation period for the region (Figure 2).

Table 2 — Mean Depth (m) of bathymetric surveys of the reservoirs in the present study, measured during the
period from September 2010 to August 2013.

Jazigo Reservoir (m)

Average Sep/2012 Dec/2012 Mar/2013 Jun/2013
6.52 4.92 3.50 6.08
Cachoeira Reservoir (m)
Average Dec/2012 Mar/2013 Jun/2013 Aug/2013
10.4 10.10 6.04 7.06
Saco Reservoir (m)
Sep/2010 Dec/2010 Mar/2011 Jun/2011
Average
31.00 29.20 8.52 31.80

Fonte: Elaborated by the authors (2019).
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Figure 2 — Monthly precipitation for Serra Talhada during the 2010-2013 research period.
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Fonte: Elaborated by the authors (2019).

Next, a more detailed study of each reservoir was carried out in order to determine the
monthly similarities. From the cluster analysis of the monthly reservoir data, based on the
Euclidian distance and Ward algorithm, the points of class division were determined. For each
reservoir, the number of classes was determined to be approximately two, which was adopted for
all reservoirs.

Thus, the first reservoir to be studied was the Jazigo, for which the monthly dendrogram is
shown in Figure 3. To complement this analysis, a summary of the bathymetric survey statistics is
available for the corresponding months.
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Figure 3 — Dendrogram with 4 months of evaluation, as produced from the hierarchical grouping method,
for the Jazigo Reservaoir.
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Based on these results, the four months were divided into two groups, referring to two periods
of greater homogeneity. Class A refers to the month of September 2012, as the period of greatest
depth, and class B refers to the months of December 2012 and March and June of 2013 as the
period of lower depth of the reservoir (Table 2).

The class formations may be related to the prior year’s precipitation characteristics and
months of bathymetry evaluation. Annual precipitation for 2010 and 2011 was, respectively,
646 mm and 803 mm, which are close values, each above the historical average of the region
(Figure 2). While the accumulated precipitation in 2012 prior to September was 338 mm, about
97% of the annual precipitation, this period marked the beginning of a drought in the region
(MARENGO et al., 2015).

Thus, for the month of December/2012 and March/2013, the term with the most critical values
for the evaluation period of this reservoir, the rainfall that occurred during this period was insufficient
to significantly increase the reservoir's water level. For June/2013, there is a notable increase in
water level due to a greater distribution of precipitation during the months immediately prior to data
collection (Figure 2), however, this was not enough to distinguish this evaluation month from the
more critical class, as observed in Figure 3.

For the Cachoeira Reservoir, the division of the dendrogram denotes a division into two
symmetrical groups (Figure 4). Class A refers to December/2012 and March/2013, which are months
with high water levels, while class B refers to months with lower water levels (Table 2).

The first months, which compose group A, flood period, of the Cachoeira Reservoir, present
the highest values for the period evaluated probably due to the precipitation of the previous years
(Figure 2), especially in the case of 2011, and coinciding with the rainy season (Figure 2).
On the other hand, class B, drought period, dendrogram for the Cachoeira Reservoir may have been
influenced by the temporal proximity between the evaluated months, even so, it is noticed that for
August/2013 there was an increase in water level caused by greater distribution of rainfall in 2013,
especially in the month of July, which presented a precipitation of 30mm.
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Figure 4 — Dendrogram for 4 months of evaluation, resulting from the hierarchical grouping method, for the
Cachoeira Reservoir.
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The grouping analysis for the Saco Reservoir also presents a division into two groups (Figure 5).
There is a clear division for Class A of the dendrogram for the Saco Reservoir formed by the month of
March/2011, during the period with lower water level, while class B is composed by the months of
September and December of 2010 and June of 2011, during the period with higher water levels (Table 2).

Unlike the other reservoirs, in which the months of December and March tended to be grouped
into the same class, in the Saco Reservoir the month of March is isolated in class A. This isolation
can be attributed to the fact that 2010 was marked by drought while 2011 had greater than average
precipitation (MARANGO et al., 2016), but with the rainfall concentrated in the months of March,
April and May (Figure 2).

Figure 5 — Dendrogram for 4 months of evaluation, resulting from the hierarchical grouping method, for the
Saco Reservoir.
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In the semiarid region, there is a concentration of rainfall from January to March and May
extend until April (COSTA et al., 2017), however, this characteristic was not verified in the separation
of the periods in all reservoirs, with the tendency of the rainy season (March) as more critical.
As Silva and Tonello (2014) point out, the hydrological behavior of a hydrographic basin can be
directly attributed to specific geomorphological characteristics, such as shape, relief and drainage
network, soil cover type and vegetation formation.

Thus, in order to complement this study, it is suggested to apply this technique under different
conditions, such as years marked by drought, normal rainfall or heavy rainfall. This will make it
possible to better separate the periods of higher and lower water storage and thus improve the
development and implementation of sustainable water management measures.

In generating a multiple model by stepwise process, the following model (2) was obtained:

Depth=10.330+0.214T1-1.079T72-0.84073-1.325CR-4.336JD-0.013P+0.003PP (2)

With reliability of 0.5542 (R?) and a positive correlation (DW = 1.0945), the model can be
used for estimate depth for the three reservoirs when it cannot be directly measured (different from
the Table 2 data that were measured on site).

This model estimates a depth of 10.3 m for the Saco Reservoir, in the fourth quarter of the year,
in the absence of rainfall contributions during the month of bathymetry as well as the month prior.
The first quarter of the year presents the greatest volumes, with the lowest values observed in the
second and third quarters of the year. The Saco Reservoir presents the greatest depths, followed by
the Cachoeira with 1.3 m less and finally by the Jazigo with 4.3 m lower water levels. The rainfall of
the previous month positively influenced volume, while rainfall during the month of bathymetry had
a negligible positive influence.

Utilizing a multiple model makes it possible to more easily obtain values without the need to
collect direct data from the field and estimate values which approximate the real values. In case of
an on-site measurement, this application also facilitates silting analysis, since a significantly lower
actual volume as compared to the estimate may indicate the occurrence of sedimentation in the
reservoir. Similarly, a real higher-than-predicted real volume may indicate the occurrence of desorption,
allowing a better understanding of the structure and functioning of aquatic environments (LIMA;
SHINOZAKI-MENDES, 2017), as well as the application of sustainable management measures for
these environments.

Conclusions

The multivariate clustering technique can be used to define periods of higher and lower
water storage from bathymetric data, as well as to understand the effects of regional variability
of precipitation in the storage of these reservoirs. It is suggested to the public authorities’ greater
attention in the management of water resources in the first quarter of year, because it presents itself
as more critical. Continuous long-term monitoring is recommended for bodies of water in order to
better identify potential sedimentation processes and define sustainable management strategies for
the maintenance of these reservoirs. Also, it should be noted that partnerships with government
agencies and research institutions are fundamental to the advancement of further analysis and
achieving optimal resource outcomes.
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Analise multivariada de batimetria na avaliacao de corpos
hidricos em Serra Talhada, Pernambuco, Brasil

Resumo

A demanda constante por recursos hidricos tem estimulado a pesquisa e a adocao de préaticas que visam
aperfeicoar seu uso e sua gestdo. Nesse sentido, este trabalho busca identificar a similaridade entre
profundidades dos corpos hidricos, em associacdo a pluviometria, em diferentes periodos, no municipio
de Serra Talhada/PE, por meio da técnica da analise de agrupamento multivariado e modelo multiplo.
Para tanto, foram realizados quatro levantamentos batimétricos durante um ano em cada agude em trés
acudes do municipio de Serra Talhada e aplicada uma analise de cluster e uma modelagem muiltipla para
identificacao das variaveis de maior influéncia na profundidade dos agudes. Com base nos resultados,
a técnica multivariada de agrupamento pode ser utilizada para definicédo de periodos de maior e menor
nivel de armazenamento de agua, a partir de dados batimétricos, bem como perceber os efeitos da
variabilidade de precipitacédo da regiao no armazenamento desses reservatérios. Aléem disso, 0 modelo
gerado permitiu comprovar a influéncia da precipitacao nos meses anteriores a batimetria dos agudes.
Palavras-chave: Anélise de Cluster. Recursos hidricos. Semiarido.
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