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Abstract: The impact of wind waves is a process that affect reservoir shorelines, causing economic
and environmental damage. The objective of this paper is to analyze the erosive potential of waves
generated by winds at the shoreline of a large tropical reservoir of the Itumbiara Dam that stands
along the Paranaiba River in the Midwest of Brazil. A GIS-based analysis was carried out using
a wave fetch model tool (WAVE) developed by the US Geological Survey with wind data from a
Doppler sensor (SODAR—SOnic Detection and Ranging) and an ultrasonic anemometer. A wave
erosivity potential map was generated combining 16 fetch rasters from every 22.5◦ wind directions
and was weighted according to its corresponding wind frequency over the rainy season. This result
showed the critical areas which may have a high wave potential to increase sediment detachment
along the reservoir shoreline. Finally, some of these high erosivity potential areas coincide with large
erosions sites, which are detected by satellite imagery. This technique was capable of identifying the
wave potential which can cause shoreline erosions and also contribute to reservoir management and
support future works, including field experimental programs and shoreline erosion treatments.

Keywords: GIS; wind erosivity; reservoir shoreline

1. Introduction

Dam reservoirs are responsible for changes in the hydrodynamic characteristics of their ecosystems
by increasing the erosive processes on the shorelines. In addition, there is a direct correlation
between these factors and long-term reservoir deposition [1]. Erosive processes that affect the
shoreline of dam reservoirs are related to the susceptibility of different shoreline erosion sources
such as wave action [2] and surface runoff [3]. Rainfall is the main source of shoreline erosion, which
is represented by sheet and rill erosions, as well as wave action generated by the wind or wakes of
boats. Another type of natural force acting in reservoirs is the gravity force causing slumping and soil
creep. The geotechnical properties, characteristics and dynamics of the shore material (i.e., the soil or
rock) make the comprehension of shoreline erosion more complex due to the interactions between the
geology, topography and climate [4–6].
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Sedimentation is a global issue that comes from natural and man-made erosions that influence the
strategies of water managers to resolve economic and environmental problems [7–14]. This problem
causes a reduction of the effective reservoir storage capacity, decreases the effective lifespan of dams
and lessens various reservoir functionalities [8]. Many researchers studied the effects of erosion by
rainfall [15–19] and waves [2,20–22] to predict or examine sediment yield in reservoir.

Wave energy is the most important parameter in predicting erosion rates of water bodies and is
influenced by the wave height, speed and frequency of the wind [23,24]. Furthermore, the effects of
wave erosivity depend on several factors, such as the wind direction and speed at the shoreline and
vegetation cover, as well as geometric characteristics of the shoreline profile (e.g., the shape, size and
slope). Also, the physical and chemical properties of the soil [25], through wet-dry cycles, contributes to
the intensity of its degradation. However, wave energy mensuration requires wind data, bathymetry
data and offshore/onshore measurement systems, which are not always available for consultation.

The wind erosion agents can be analyzed from a low-cost perspective using a geographic
information system (GIS) or a combination of geospatial model tools supported by remote sensing.
Some authors applied geospatial analysis and numerical models to estimate the erosive potential of
wind-generated waves in natural lakes, reservoirs and estuaries: Mattosinho [26] and Sandford
and Gao [23] used SWAN (Simulating Waves Nearshore); Kaliraj et al. [27] and Bheeroo et al. [28]
used DSAS (Digital Shoreline Analysis System); Olson and Ventura [29] used the WAVES tool; and
OndisCAD was applied by Hernández [30].

Larger lakes usually provide longer distances of open water, producing wind-generated waves
with higher wave heights across a body of water, resulting in high energy waves along the shoreline,
causing erosion and environmental problems. This concept is called fetch, the distance the wind
travels over water in a constant direction. In lakes (i.e., inland water), the fetch is smaller than on
the coast (i.e., open water) because ocean waves have more energy and longer distances to grow.
The geometry of man-made reservoirs also contributes to small fetches because they are more irregular
and often present dendritic forms.

GIS techniques provide an important platform that can assist inreservoir management for the
monitoring of dam reservoirs [9,20]. The WAVES tool (v.2012) has proven to be able to provide reliable
results in the study of shoreline erosion in a large inland lake [29]. This tool was developed by
Finlayson [20] on behalf of the U. S. Geological Survey (USGS) to estimate the erosive potential of
waves from the measurements of wind and geospatial correlations. In this study, this numerical
approach overestimated the erosion of the lake shoreline, but the final result was adequate to identify
potential areas for erosive processes by waves. The WAVES tool also allows the elaboration of wind
fetch and wave models. In addition, the bathymetry of the reservoir is not necessary to estimate the
wave potential. This geospatial tool calculates effective fetches using the recommended procedure of
the Shore Protection Manual (SPM) [20].

The analysis of wind fetch with a geospatial tool allows the identification of the buffer strip of a
reservoir affected by the wave impact, thus helping to make better decisions regarding the monitoring
and intervention in shorelines, as well as the definition of the local sites that will probably require
shoreline erosion treatment and assist in laboratory tests, including erodibility tests (i.e., wave
flume tests).

Therefore, the objectives of this study are (i) to investigate the erosive potential of wind-generated
waves using a GIS fetch model tool applied to an inland lake, (ii) compare wind data from two different
anemometer devices, and (iii) determine the wave erosivity potential due to the action of local winds
on the shoreline of the Itumbiara Dam reservoir.
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2. Materials and Methods

2.1. Study Area

The study area covers the large tropical reservoir of the Itumbiara Dam (with a water surface
area of 778 km2), a South American earth-filled dam that is located between two Brazilian cities,
Itumbiara-GO and Araporã-MG (Figure 1), standing along the Paranaíba River. This embankment dam
lies between latitude 18◦24′27′′ S and longitude 49◦5′53′′ W and is the 14th largest hydroelectric power
plant reservoir in a water surface area and 12th in installed capacity (i.e., 2082 MW) [31] in Brazil.
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The bedrock geology of the Itumbiara Dam reservoir includes metamorphic rocks of pre-Cambrian
age (older than 570 Ma) lying beneath the volcanic flood basalts of the Serra Geral Formation.
These rocks underwent intense tectonism, identified by various regional structural lineaments.
The lithological sequences of metamorphic rocks, from the base to the top of the bedrock,
are amphibole-gneiss, biotite-gneiss, amphibolite, muscovite-gneiss, and quartzites. Furthermore,
the soil of this region is a detrital laterite cover of quaternary age (1.6 Ma). Based on the geotechnical
soil classification, the residual soils and colluvium are normally deposited on the land surface and the
alluvium on the riverbeds [32].

According to the soil taxonomy, the soil orders found in the study area are inceptisols, oxisols and
entisols (or cambisols, ferralsols and leptosols in the FAO/WRB soil system). They are related to the
weathering process of soil formation from an intensely schistous metamorphic rock that shows a high
erodibility potential for shoreline erosion [33]. Geomorphic features can also be observed along the
shore, from nearly flat to gently lakeward-sloping (5◦–10◦) platforms; this condition allows for higher
sheet flows producing an increase in hillslope evolution. Locally, the shore zone is more predisposed
to the sheet than to rill erosion [34] and the action of wave erosion.

2.2. Wave Erosivity Potential

The shoreline erosive potential was evaluated based on the previous work of Olson and
Ventura [29] that used a wave fetch model to estimate the wave potential generate by wind.
This GIS-based model produces a wave potential raster of the combined effects of the fetch and
wind data on inland lake shores. The wind data had several wind direction frequencies of occurrence
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that were weighted to produce a fetch raster. The wave potential of the Itumbiara Dam reservoir
was obtained following three main procedures, as follows: input data, preprocessing and geospatial
analyses (overlay analysis and output data). Input data includes wind data from two different
anemometers, precipitation data, and the land raster. Preprocessing involves the statistical analysis of
the wind behavior and suitability of the digital terrain model. All the geospatial data were analyzed
using the geoprocessing tools in ArcGIS 10.3 (v.10.3, ESRI, Redlands, CA, USA). Finally, the overlay
analysis and output of data used tools in a GIS platform to elaborate the final model of wave erosivity.
Figure 2 shows the flowchart of the main procedures of this study that determined the Shoreline
Erosivity Potential map.Water 2019, 11, x FOR PEER REVIEW  4 of 17 
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Figure 2. Shoreline Wave Erosivity Potential flowchart.

The determination wave erosivity from actual wave energy is a complex analysis that requires
several input parameters, such as soil properties, shoreline geomorphology and wave characteristics
(e.g. wave height, wave length, shallow, and deep-water effects). The wind-fetch model of WAVES
tool ignores nearshore processes and does not consider deep water effects. This study focused on
estimating wave erosive potential from the wind fetch model and qualitative analysis of the local
natural characteristics (geology and geomorphology), allied with satellite imagery.
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2.2.1. Input Data

Wind speed and direction measurements were used in different systems as follows: an acoustic
Doppler sensor, also called a SODAR (SOnic Detection And Ranging) sensor and an ultrasonic
anemometer, installed at a height of 10 meters on a meteorological tower (i.e., a weather station).
The acoustic sensor performs readings every 10 minutes at various heights: 40, 50, 60, 80, 100, 120, 140,
160, 180, and 200 m. The ultrasonic device measures the wind every hour only at a height of 10 m.
Both sensors were installed in different locations of the Itumbiara Dam. Furthermore, the wind data
were acquired from 23 September 2014 to 23 December 2015 to coincide with the time period in which
SODAR remained in that area.

The meteorological tower is located downstream of the dam, lying between latitude 18◦24′27.67′′

S and 49◦06′37.1′′ W longitude, and the SODAR sensor remained on the left abutment of the
embankment of the Itumbiara Dam for 1 year after the removal of the tower. The SODAR sensor was
located at the geographic coordinates of 18◦25′38′′ S latitude and 49◦07′06′′ W longitude.

The SODAR sensor is an acoustic sensor (i.e., Doppler), classified as a remote sensing system
capable of measuring wind characteristics at different heights (40–200 m) without the need to install
an active sensor at each reading point [35]. The models used in this research are a sonic wind profiler,
Triton, and ultrasonic wind sensor, WS425, both from manufacturer Vaisala. This study does not have
the aim of addressing the acquisition techniques and data accuracy between the SODAR sensor and
the meteorological tower. A comparison was made to evaluate the influence of the dam barrier on the
meteorological tower.

Both wind datasets must be analyzed at the same height to compare the results; also, the fetch
model from WAVES tool only considers a wind data at 10-meter elevation measurements to calculate
wave potential. The wind speeds from the SODAR sensor, from a reference height of 40 m (zr), were
converted to a height of 10 m (z) using the equation of the wind energy profile or power-law profile,
as presented in Equation (1) [35]. Furthermore, the SODAR wind data measurements were modified
from the minutes format to the hours format. The vectors (the direction and intensity of the wind)
were defined as a classic arithmetic measure, preserving itself as an original measure.

The power law is a mathematical relationship for the vertical wind speed profile, which can be
expressed as follows:

U(z) = U(zr)

(
z
zr

)α

(1)

where U(z) is the wind speed at height z, U(zr) is the reference wind speed at height zr, and α is the
power law exponent.

The power law exponent is dependent on many parameters. However, for a theoretical reservoir
surface model, a value equal to 1/7 (0.143) was defined because this ratio indicates the correspondence
between wind profiles and flow over flat plates [35].

Wind data were organized into spreadsheets that necessarily include the following information:
the year, month, hour, wind direction (◦) and wind speed (m/s). In addition, rainfall values in
millimeters were also included in the wind data spreadsheets. It was possible to divide the analysis of
the winds for the dry and rainy periods, in addition to a more comprehensive climatological analysis.

The Fetch model function of the WAVES tool features the following input data: the wind direction,
wind frequency, and land raster (i.e., the digital elevation model (DEM)). The land raster contains
information on both terrain surfaces on the shoreline and the water mass of the reservoir. A raster
image is defined as a dot matrix data structure that represents a rectangular grid of pixels with a
certain value, and each pixel has a vertical elevation value (i.e., altitude). The land raster was acquired
from the TOPODATA Project database [36] of the Brazilian National Institute of Space Research (INPE),
and its topographic data is generated from NASA’s Shuttle Radar Topography Mission (SRTM) and is
resampled from 3 arc-seconds to 1 arc-second, or approximately 30 m of spatial resolution. It should
be emphasized that a higher spatial resolution of the land raster produces a longer processing time
and larger amount of stored data due to the higher level of perceptible details and classes of wind
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directions. Thus, it is important to establish an appropriate spatial resolution and number of classes
before preprocessing.

2.2.2. Preprocessing

The wind patterns acquired from the SODAR sensor and ultrasonic anemometer are examined
with WRPlot View (v.8.0.0, Lake Environmental, Waterloo, ON, Canada), and then generates wind rose
plots and wind rose statistics (i.e., the frequency of wind directions and wind speed for a specific time
period). The wind speeds (in m/s) were grouped into eight classes according to the Beaufort Scale
(Table 1). The wind directions (in degrees) were grouped into 16 classes of wind directions, determined
by dividing 360 degrees into 16 wind directions (of 22.5◦ each), to allow the analysis of the effective
fetch, as follows: 0◦, 22.5◦, 45◦, 67.5◦, 90◦, 112.5◦, 135◦ 157.5◦, 180◦, 202.5◦, 225◦, 247.5◦, 270◦, 292.5◦,
315◦, and 337.5◦.

The results were analyzed to determine which climate period (i.e., the dry and rainy season) is
more severe in the Itumbiara reservoir. Olson and Ventura [29] showed an increase in the wind speed
during the rainy season, leading to a higher wave height and wave energy on the shorelines. The wind
data were separated by the acquisition source (i.e., the SODAR sensor and the weather station).

Table 1. Beaufort Wind Scale 1.

Force Wind Speed (m/s) Wind Descriptive Terms

0 <0.3 Calm
1 0.3 to 1.5 Light air
2 1.6 to 3.3 Light breeze
3 3.4 to 5.4 Gentle breeze
4 5.5 to 7.9 Moderate breeze
5 8.0 to 10.7 Fresh breeze
6 10.8 to 13.8 Strong breeze
7 13.9 to 17.1 High wind
8 ≥17.1 Gale

Notes: 1 Winds on the Beaufort scale [37].

2.2.3. Overlay Analysis and Output Data

The original DEM raster data cover the watershed of the reservoir. Due to the processing
time, the terrain raster format was limited by the shape of an input polygon feature at EL 520 m
(the Maximorum water level), using the raster processing function (i.e., the Clip command) of ArcGIS.
Before using the wind fetch model, it is necessary to reclassify the DEM using the ArcGIS Reclassify
tool. This geospatial tool changes the raster values based on criteria producing specific intervals;
and for applying the model, it was necessary to group the raster values into two separated classes:
land, with values above 1; and water, for values equal to zero. Overlays analysis merge several
rasters using a common measurement scale and weights each according to its importance. Therefore,
the resolution of the DEM will have high or low relevance because of the scale of the reservoir.

The fetches are estimated for 16 wind directions from the wind data and the reclassified land
raster. This analysis was performed according to the method of the Shore Protection Manual (SPM),
which calculates the arithmetic mean of the fetch lengths for each raster cell, spreading nine radials
around the principal wind direction at 3◦ increments, forming a 24◦-arc. In general, this larger arc
represents a more realistic condition for shoreline evaluation. The wind-fetch model ignores any
near-shore processes [20]. Figure 3 shows the SPM schematic.
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This process produces 16 fetch raster files from each individual direction and wind class,
previously analyzed by the wind rose plot. These files were reclassified into five classes to allow
fetch values to be processed and combined. These rasters were combined with the Weighted Overlay
tool, generating a single file with all the fetches weighted by the frequency of the winds in a certain
period of time. This combination allowed us to estimate the energy potential of the waves, considering
that strong winds on long fetches develop high waves. Thus, the action of the waves in the margin
with greater energy will cause an erosive action of greater intensity.

A wave erosivity potential map was created by a new reclassified image of the wave potential
using the natural breaks classification method in three classes: low, medium and high. In addition,
the shoreline wave erosivity potential was compared with the Itumbiara soil erosion susceptibility
(i.e., the sheet and rill erosions) from the work of Romão and Souza [33] and Jesus et al. [38].

3. Results

The wind data from the SODAR sensor and weather station were submitted to statistical climate
analysis using a WRPlot View. This software generated wind rose plots, which allowed us to observe
the behavior of the wind speed and frequency of occurrence in a range of directions. Figure 4
presents a comparison between the wind rose plots of the statistical evaluations of the wind data from
23 September 2014 to 23 December 2015 of the SODAR sensor and the weather station. In addition,
the wind rose plots were separated by dry (April 2014 to October 2015) and rainy (November 2014 to
March 2015) seasons to determine the worst-case scenario for high wave generation.

It is also observed that the speeds obtained by the SODAR sensor (Figure 4a,b) are higher than
those obtained by the weather station (Figure 4c,d), reaching speeds above 13.80 m/s. This is probably
due to an attenuation in the wind speed caused by the position of the weather station downstream of
the Itumbiara Dam. However, the wind direction distributions were consistent. Differences between
wind speeds measured by the SODAR sensor and the tower sonic anemometer were verified [39] and
justified by the methodology of device acquisition.

Statistical analysis shows that a preferred wind direction in the northeastern sector lies in the
range of 67.5◦ to 90◦. The wind speeds during the rainy season, as expected, show higher intensities,
on average approximately 3%, in comparison to the dry season, independent of the measuring device.
However, strong winds from the southwest (azimuth from 225◦ to 247.5◦) were recorded. The most
frequent wind speed values lie in the range of 3.30 to 5.40 m/s. Therefore, the wind data from
the rainy season were selected to produce the wind fetch maps and wave erosivity potential maps.
This is because the analyses have shown that rainstorms have a clear influence on the erosiveness
and wave intensity [29,40]. Shoreline erosions are stronger in the tropical South American summer
(i.e., the high water season) than in the winter (i.e., the low water season). Previous work on the
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Itumbiara reservoir [41–43] shows that the wind mainly blows from the northeast and east and that
the wind speeds range between 3.0 and 8.0 m/s, thereby confirming the findings and conclusions
presented in this study.
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Figure 4. The wind rose plots, separated by rainy (a) and dry (b) seasons of SODAR, and rainy (c) and
dry (d) seasons for the weather station.

The shoreline that is affected by waves depends on the wind conditions (i.e., speed, duration,
direction, and fetch) and the shape of the land. In most situations, the inland reservoir has small
fetch lengths because the fetches are limited by the landforms surrounding the waterbody. In general,
the Itumbiara reservoir has an irregular (i.e., not uniform) fetch length path, but this parameter, ranging
from 45◦ to 70◦, has a straight path showing longer fetches, allowing the wind to blow for a greater
distance before reaching the shoreline reservoir. The main wind direction for the erosive process in the
Itumbiara reservoir is 67.5◦.

In general, the characteristics of the wind waves that approach the shoreline include the wind
speed and direction, storm/wind duration, fetch length, and reservoir bathymetry [40]. The wave
heights and wave periods are also lower if the waves are generated in shallow rather than deep
water [40]. Thus, during periods of rainfall, the wave energies have different intensities in swallow
and in deep water. The wave actions are more severe on the shore profile toe [40]. The longest fetch
length, wind frequency, and wind speed result in greater shoreline erosion.
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After the wind rose plot analyses, the original land raster (DEM) was modified with a new
single file including a water body and shoreline at an elevation of 520 m. This raster file only has the
objective of representing the interface between the land and water. Therefore, after preprocessing
the input data, this study proceeds with the WAVES tool applications. A high-resolution land raster
dataset allows a better definition of islands and shore boundaries. However, increasing the spatial
resolution of land rasters requires more processing time. In the case of the Itumbiara reservoir, at least
12 hours were needed to calculate 16 fetches from the data with the 30-m spatial resolution.

The fetches were compiled for 16 azimuthal directions, including four cardinal directions shown
in Figure 5. Wind speeds below 0.3 m/s were not observed in the rose plots. In addition, the Doppler
sensor had difficulties acquiring speeds below 4 m/s and above 18 m/s [35]. It was observed that the
wind directions of 45◦ and 67.5◦ are the main fetch lengths that affected the shoreline, especially in
the right margin. The wind directions of 90◦ to 337.5◦ have the lowest fetch lengths compared with
those of 0◦ to 67.5◦.Water 2019, 11, x FOR PEER REVIEW  9 of 17 
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Figure 6 illustrates the raster image of the input data to the WAVES tool, such as the original DEM
raster and land/water raster. Additionally, the preprocessed fetch model data and reclassified fetches
were used to produce the wave potential. The DEM and reclassified land/water raster are shown in
Figure 6a,b, respectively. Figure 6c presents the main fetch that affects the shoreline of the Itumbiara
reservoir, and Figure 6d illustrates the reclassified main fetch.
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The WAVES tool produce 16 fetch raster files, and each individual raster was reclassified by the
manual method of classification into five classes to remove the negative data and reduce the processing
time. These rasters were combined with the weighted overlay tool according to the corresponding
wind frequency during a specific time period. Once again, the Reclassify tool was used on this single
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weighted file to generate three new classes of raster with the Natural Breaks classification method
producing the wave erosivity potential of the Itumbiara reservoir. This method of classification
(or Jenks method) is a GIS common criterion for dividing a significantly different dataset for a suitable
arrangement of values into a certain number of homogenous classes reducing the variance within
classes and maximizing the variance between each class.

The shoreline of the land/water raster buffer strip is 200 m wide, which represents the boundary of
the reservoir limited to the left by the elevation of 520 m (the Maximorum water level) and to the right
by the elevation of 510 m. This range was chosen because it corresponds to the maximum water
level variations.

In addition, this wave erosivity potential was generated for both wind data obtained from the
SODAR sensor and the weather station. The comparison between these maps presented very similar
values. Only the map generated by the wind sound profiler data (i.e., the Doppler sensor) is illustrated
in this paper and presented in Figure 7, which covers almost the entire Itumbiara reservoir. It is a
small-scale map (i.e., 1:250.000) and indicates the area with the highest occurrence of highly erosive
wave potential. This map also presents the occurrences of water erosion processes, mapped by field
visits and satellite image analysis, according to Jesus et al. [37]. The erosion occurrence illustrated in
Figure 7 includes sheet erosion, rill erosion and the association of those erosions, and mass movement.
Some sheet erosion-mapped sites coincide with high shoreline wave erosion.
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Table 2 presents the wave erosivity potential perimeter calculated in values of meters, kilometers
and percent in ArcGIS. According to this estimation, the high impact of waves affects the shoreline of
the Itumbiara reservoir only along 2% of its perimeter.
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Table 2. Wave Erosivity Potential of the Itumbiara-GO reservoir perimeter.

Class m km (%)

Low 1,088,811 1089 64%
Medium 590,483 590 34%

High 33,820 34 2%

4. Discussion

It was observed that the high values of shoreline wave erosion are concentrated near the Itumbiara
Dam. Due to this, an area of high wave erosivity potential was delimited in Figure 7, and a large-scale
map is illustrated in Figure 8. It was verified that the greatest influence of the waves occurs mainly in
the right margin of the Itumbiara reservoir and is caused by the winds from the northeast. In addition,
14 buffer strips of high values are numbered and indicated in this figure for further analyses.
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Figure 8. The area at the shoreline with higher wave erosivity potential from the SODAR sensor data.

Figure 9 presents the sheet (inter-rill) erosion susceptibility to surface runoff [33,37]. High to
moderately high values of susceptibility were observed along the shores. The shoreline of the
Itumbiara-GO reservoir has medium to low wave erosivity along most of its perimeter and coincides
with medium values of sheet erosion susceptibility from the comparison of Figures 9 and 10.
Additionally, the higher values of susceptibility to sheet erosion match the high values of wave erosivity
potential. However, there is no direct correlation between erosion processes due to the complexity of
the soil properties and the erosion agents. The correct correlation requires determination of the
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wave erosion susceptibility, which was not the object of this study and requires both field work and
laboratory experiments.

Remote sensing represents a powerful technique for wave erosion investigations, and it
was used to confirm the high potential sites on the wave erosivity potential map. Satellite imagery was
acquired in December 2015 at the ESRI/ArcGIS World Imagery platform from the GeoEye satellite
owned by Digital Globe. Evidence of semicircular or a half ellipse form of small steep banks and
exposed soil was verified on imagery as a shoreline erosion feature.Even the concentration of high wave
erosivity values on the small buffer strip of the shoreline reservoir, according to Table 2, was found
at large erosion sites from remote sensing analysis. Figure 10 shows four large areas with advanced
erosive processes that coincide with higher wave erosive potentials.

These sites were denoted as Area 1 (Figure 10a), Area 2 (Figure 10b), Area 3 (Figure 10c), and
Area 4 (Figure 10d). Areas 1 and 2 are located in a more critical position of the reservoir. Due to the
most frequent occurrences of the main wind direction of 67.5◦, the higher fetch and major erosive
potential are on the shores. These areas lie in the buffer strips 1 and 2, as illustrated in Figure 8.
Areas 3 and 4 were not as affected by the main fetch, and they are located in the buffer strips 3 and 4,
as shown in Figure 8.
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The management strategy of a shoreline erosion dam reservoir must have awareness of all the
main sources of erosive agents, such as wave action [40] and surface runoff [44], which are increased
by climate changes [45]. Reservoir managers should also include historical hydrometeorological data
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in their surveys to evaluate changes in the wind patterns and average precipitation [45]. Shoreline
erosions [29] and sediment depositions are a consequence of climate changes [45].

Reservoir managers shall undertake impact assessments to evaluate wave erosivity on the
shoreline and the adjacent land, thereby avoiding or reducing environmental problems. This study
provides the knowledge with which to choose the effective shoreline erosion control installations,
such as nonstructural, structural, bioengineering, and biotechnical [46]. Therefore, this geospatial
analysis of shoreline erosion can be used to assist reservoir governance in civil or criminal liabilities
for environmental damage.
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5. Conclusions

Erosive processes are commonly studied using three different approaches: numerical modeling
(GIS-based or non-geospatial analysis), field monitoring and laboratory tests. In this work, a GIS-based
model was tested to evaluate the wave erosivity potential due to the wind-generated waves in a
Brazilian dam reservoir.

The reservoir of the Itumbiara-GO was the object of this work since previous studies [33,34,37]
have verified a high susceptibility to shoreline erosion caused by rainfall. However, it was also
necessary to study the influence of the wind.

The conclusions obtained in this paper are as follows:

1. The WAVES tool allows the examination of the reservoir shoreline erosion by wave potential and
guide reservoir research and management.

2. Higher wave erosivity potential areas must be examined with satellite imagery.
3. In general, the wind anemometer and acoustic Doppler sensor are appropriate for estimating the

wave erosivity potential.
4. The method presented by Olson and Ventura [29] is applicable to reservoirs used as hydropower

systems located in other countries.

The current work has some limitations, such as not including the qualitative erosion rate
by wind-generated waves, the lack comparison from rainfall and runoff ratios with soil erosions,
the punctual extrapolation of the wind data to analyses a large reservoir and the short period of time
(1 year) for statistical analysis from two wind datasets. Besides, the current geospatial method [29] has
successfully highlighted some higher erosivity wave potential areas which coincide with large erosions
sites detected by satellite imagery. In addition, wave shoreline susceptibility is needed for better
correlations. This research project will continue and estimation of the erosion rate will be included in
the future.

The analysis of the wind behavior requires several years of the dataset for better understanding;
therefore, a long time period of wind data should be included in upcoming work. However, in this
paper, the aim was to compare the two sensors, although they did not show significant differences
between wind direction data and wind frequency data, any of which is feasible for this method.

Finally, this methodology may support campaigns to collect soil samples for experimental
research, to act as a basis for reservoir governance decisions and to promote interventions such as
stabilization installations.
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