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Beach in Northeastern Brazil
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Abstract—Prognostic studies of the shoreline are of utmost
importance for Ponta Negra Beach, located in Natal, Northeastern
Brazil, where the infrastructure recently built along the shoreline is
severely affected by flooding and erosion. This study compares
shoreline predictions using three linear regression methods (LMS,
LRR and WLR) and tries to discern the best method for different
shoreline position scenarios. The methods have shown erosion on the
beach in each of the scenarios tested, even in less intense dynamic
conditions. The WLA_A with confidence interval of 95% was the
well-adjusted model and calculated a retreat of -1.25 m/yr to -2.0
m/yr in hot spot areas. The change of the shoreline on Ponta Negra
Beach can be measured as a negative exponential curve. Analysis of
these methods has shown a correlation with the morphodynamic
stage of the beach.
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1. INTRODUCTION

HE privileged location of Natal (the capital of the state of

Rio Grande do Norte in Northeastern Brazil) and the
beautiful scenery of its white-sand beaches have promoted a
rapid and unplanned recent growth in population and tourism.
The population density increased from 2,490 people/km® in
the 1980s to 4,800 people/km” in the year 2010. Along with
this increase, there has been rampant erosion that has been
becoming more intense since the beginning of 2010. This
phenomenon has led to significant environmental and
economic losses [7], [8], [14].

As in many coastal cities in the world, Ponta Negra Beach
has become extremely urbanized and a promenade and
boardwalk were built along its shoreline. Development in
coastal regions continues growing despite the fact that coastal
construction is subject to flooding and erosion [5]. Erosion is
one of the main risk factors and causes coastal vulnerability
for many beaches in the region, including that of Ponta Negra.

The city of Natal is one of the sites for the 2014 World Cup,
domestic and international tourists flock to it year round and it
is responsible for a significant part of the local Gross
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Domestic Product (GDP). Therefore, diagnostic studies as
well as coastline projection studies are very important to help
planning and integrated coastal management and to aid in
decision-making for local government and business-owners.

To decide which the regressions methods is the best for the
situation of the shoreline position on Ponta Negra Beach (Fig.
1), this study aimed to carry out and compare shoreline
predictions using three linear regression models: Linear
Regression Rate (LRR), Least Median Squares (LMS) and
Weighted Linear Regression (WLR), available in the Digital
Shoreline Analysis System (DSAS) [10]. Reference [2] shows
the comparison between methods of shoreline erosion rates in
Maui, Hawaii and [12] compared shoreline data from multiple
sources such as remote sensors and terrestrial system
collections (Global Positioning System and Light Detection
and Ranging) in South Carolina (EUA). Even though
predictions have already been made for other beaches in the
Rio Grande do Norte State [6], this is the first comparative
study of its type to be done on Ponta Negra Beach.
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Fig. 1 Map of the location of the study area and transects (black and
white dots) position. The white dots represent also the erosion hot
spots

II. METHODOLOGY

Shorelines changes were extracted from moderate
resolution Landsat 5-Thematic Mapper (TM) satellite images.
These images were geometrically corrected from
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orthorectified images by the United States Geological Survey
(USGS), and Root Mean Square (RMS) errors higher than 1
were not accepted. Baselines were established parallel to the
shoreline and perpendicular transects 50m apart were made
from them along the entire beach.

It was calculated the shoreline data to measure its change
using the DSAS calculations developed by the USGS, which
extended the functionality of its ArcGIS software. The
analysis methods used to determine shoreline regression were
Linear Regression Rate (LRR), Least Median Squares (LMS)
and Weighted Linear Regression (WLR), and in this last were
used different weighted to shoreline of years 1986, 1994, 2004
and 2012, and are called WLR_A, WLR B e WLR C. In the
LRR method, a linear regression rate-of-change statistic can
be determined by fitting a least-squares regression line to all
shoreline points for a particular transect. Although the process
of fitting the line to the data points follows the same logic as
the LRR method, the LMS method is a more robust regression
estimator that minimizes the influence of an anomalous outlier
on the overall regression equation [10]. The weighted (w) is
defined for (1) as a function of the variance in the uncertainty
of the measurement (o) [2]:

w=1/(c?) (1)
where ¢ = standard deviation.

WLR_A is the most weighted (1.0, 1.5, 2.25, and 3.375)
and takes the form of an exponential curve. WLR B also has
the form of an exponential curve but is less weighted (1.0,
1.25, 1.5 and 2.0) while WLR_C shows a straight line and is
weighted at an intermediate level (1.0, 1.5. 2.0 and 2.5) (Fig.
2). The highest weighting has been given to the most recent
shoreline results seeing that it represents its current situation
and also provides the most reliable data.

The importance of the different weighting was analyzed by
subtracting the results from the determination coefficients (R?)
for the prognostics models and by analysis of ‘hot spots’
erosion along the beach. After this, graphs were prepared to
facilitate discussion, analysis and conclusions. The statistical
analysis was carried out by Program R [13].
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Fig. 2 Weighted curve of models WLR A, WLR B and WLR C
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III. RESULTS AND DISCUSSION

All of the regression methods showed similar results and
indicated that more than 97% of the beach is subject to erosion
in each of the observed scenarios; however, they differed
slightly in terms of the intensity of the erosion (Fig. 3). The
shoreline prediction curves were comparable and showed
overlap on certain points along the beach. The major
differences in the curves occurred between transect 7 and 44
(1.8km) and the smallest differences in the curves, between
transects 1 and 7 (0.35km) and 44 and 83 (1.95km), next to the
Morro do Careca dune. The greatest adjustment was observed
in the determination coefficient (R?) when it reached 1.0 and
in the amplitude of the confidence intervals, which were lower
in these areas.

The predictions were only positive at three points and at one
point indicated a stable shoreline (at transects 54, 55, 77, and
80). Despite the fact that the accretion rate ranged from +0.06
m/yr to +0.21 m/yr these predictions are not reliable
considering that their determination coefficients are very low,
between 0 and 0.16 (Fig. 3 (a)). Almost 30% of the
determination coefficients in all of the predictions were above
0.7 and about 23% of them were between 0.5 and 0.7 thus
proving that the models were well adjusted.

The most different prognostic curve was the LMS method
and the highest differences were from transects 68 to 83, like
occurred in the other methods (Fig. 3 (b)). The amplitude
ranged from -1.89 to +0.09 m/yr, with a mean and median
about of -0.6 m/yr, and a mode of -0.5 m/yr.

The LRR model of the rate of shoreline variation for the
projected regression was the least of all the models and ranged
from -1.82 m/yr to +0.06 m/yr with an amplitude of 1.88 m/yr,
a mean and median of -0.7 m/yr, and a mode of -0.76 m/yr
(Fig. 4 (a)). The determination coefficient of the LRR method
showed a high correlation: 25% of the coefficients were
between 0.5 and 0.7 and more than 30% were more than or
equal to 0.7. The amplitude of scenario that the WLR_A
estimated projection was 2.21 m/yr and ranged from -2.0 m/yr
to +0.21 m/yr. The mean and median values show a retreat of
approximately -0.9 m/yr and the most frequently calculated
retreat was -1.3 m/yr. This method had the highest
determination coefficients: approximately 60% of them were
equal to or more than 0.5 and 29% were above 0.7. The
variations calculated using the WLR B method showed results
from -1.91 m/yr to +0.12 m/yr with a mode of -0.7 m/yr and
approximately 53% of the coefficients were equal to or greater
than 0.5. The WLR_C method calculated a -0.88 m/yr modal
variation and had a maximum retreat and advance of -1.97
m/yr and +0.17 m/yr respectively. It was a well-adjusted
projection in over 50% of its data. Summarizing, all of the
predictions presented well-adjusted and reliable data and
exhibited a shoreline retreat in each scenario, both in the
modest and intense models.

For the weighed regression, data that had a lower of
uncertainty of shoreline position has been given more
importance in order to determine a better-adjusted line [10],
for example, given more weighting on the more recent data.
The WLR_A model was the strongest model where the most
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recent data was given more weighting and described an
exponential function. The WLR B model was the least strong
of the three and presented a more gradual exponential
function. The WLR_C model was seen as an intermediary
model and showed a straight line. When analyzing the

determination coefficients, the WLR_A model showed the
highest quality of adjustment for the projections on the
majority of the beach (Figs. 4 (a), (b), 5). The most frequent
determination coefficient was 0.81 and the median was 0.49.
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Fig. 3 Determination coefficient curves (a) and shoreline projections for Ponta Negra Beach (b)
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Fig. 4 (a) Statistical data from the linear regression models with and
without weighting and (b) from the coefficients in linear
determination (R?)

Reference [8] shows an analysis of multitemporal shoreline
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changes on Ponta Negra Beach from the 1986 to 2012 and
have shown that the coastal processes have changed from
accretion and a stable state in the 1980s to medium to strong
erosion on the majority of the beach in the last decade. The
WLR A model was the best-adjusted model because it
concentrated more weighting on the intensely -erosive
processes that took place most recently, that’s why calculated
a tendency line more downward (Figs. 3 (a) and (b)) and
corresponded to the highest R2.

The statistic data from the WLR_B and WLR_C models did
not show significant variation. Even so, the results from the
WLR_B model were more adjusted and had higher R? than the
WLR _C model (Fig. 4 (b)). According to the principle of
parsimony, between two models or ideas that have similar
results, we must choose the one that fulfills less parameter, or
in this case, the model with less weighted. Therefore, was
defined that after model WLR_A, the best-adjusted model was
WLR_B, which also showed an exponential function. These
results confirm that the shoreline behaves as an exponential
function more so than a straight line, that is to say that in
recent years, erosion has intensified as [8] have shown.

The importance of predictions has analyzed by subtracting
the determination coefficients (Fig. 5). The WLR_A
projection had the highest until transect 68 (3.4km) where
WLR B and WLR _C proved more accurate with WLR B
having higher than WLR_C. All of the coefficients showed an
inversion from this transect onwards but the WLR B and the
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LRR models were the most significant only in this region.
Interestingly, Ponta Negra Beach shows dissipative
characteristics from transect 1 to 55 and begins to transition
into an intermediate morphodynamic state after transect 64
[3]. From transect 55 to 68 (0.65km) the projections showed
little variation and overlapped at some points (Fig. 3 (b)). This
stretch of the beach makes up the transition between a

dissipative morphodynamic state and an intermediate
morphodynamic state. By analyzing the determination
coefficients we were not only able to identify the most
accurate model but also the stretch of the beach where the
each prognostic model was more important and its correlation
with the morphodynamic state of the beach.
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Fig. 5 Difference in determination coefficients (R?)
The amplitude of the 68% confidence interval (CI68) begun and given rise to harmful environmental and

ranged from 1.7m to 1.9m and was greater when the weighting
was greater. This phenomenon occurred in the same way for
the other confidence intervals. In the 95% confidence interval
(CI95) the amplitude ranged from 5.8m to 6.5m and in the
99% confidence interval (CI99) it was between 23.4m and
26.0m. There was an approximate difference of 10% in the
amplitudes of each confidence interval between the most
discrete model, the LRR, and the most robust, the WLR_A.
This fact confirmed WLR A as the best predictor of the
shoreline variation on Ponta Negra Beach since the well-
adjusted values and the high amplitude of the confidence
intervals in WLR_A were not drastically greater than the less-
adjusted models. The confidence interval more adjusted and
thrift was the CI95, because at CI68 only 68% of the
prognosis is effectively in this band and the amplitude of
confidence interval CI99 was almost 4 times greater than the
CI95 interval. That is why the CI99 increase to 99% the
chances of prognosis to be in these boundaries. Therefore, the
model WLR_A with the 95% confidence interval was the most
accurate model.

The confidence interval amplitudes were very high due to
the small amount of data available. The DSAS was developed
to measure the variation on the shoreline using a temporal
series of data over time [9] and when more temporal data is
available, the analysis is more reliable and accurate. While the
USA and other countries often have a large collection of data
over time, as described by [2], [4], [5], [11] and [12], Ponta
Negra Beach only had four shoreline measurements over three
decades [8] and [14]. This proved to be our biggest challenge
in the study.

Nevertheless, this study has discovered important results
about a shoreline subject to rapid retreat and the shoreline
predictions are an important resource for coastal planning and
management. Since the beginning of 2010 intense erosion has
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socioeconomic conditions along the waterfront on Ponta
Negra Beach, such as destroying the boardwalk and the
coastal infrastructure like kiosks and public utility networks
(electricity, water and sewage) and increasing coastal risks, as
noticed in [1], [7], [8] and [14]. It is very important to carry
out shoreline projections of this type even though certain
restrictions exist because time is of the essence when it comes
to environmental issues. Therefore, the predictions made in
this study will to refine and analyze in the future.

About 25% of the most intense erosion has been identified
in Fig. 1 as “erosion hot spots” and can be used to support
coastal management. These “hot spots” have been found along
the whole beach but are the most concentrated in the first 1.55
km and the last 1.2km, areas found in a dissipative and an
intermediate morphodynamic state, respectfully. These
projections have shown that even in less dynamic conditions,
such as in the intermediate stage, Ponta Negra Beach will
retreat at least -0.9m/yr and at most -2.0m/yr. The WLR_A
predicted a retreat of -1.25m/yr to -2.0m/yr in the hot spots,
which is a significant rate for an urban beach.

The erosion and accretion cycle and their consequent
destructive and constructive effects have occurred on this
beach for many years; however, the most recent erosive cycle
that began in February 2012 has been much greater than the
previous ones and was responsible for unprecedented coastal
destruction. These results have indicated that this cycle is
more aptly represented with an exponential curve rather than a
straight line as shown in the weighted model WLR A.
Considering that these phenomena rarely occur in a linear
pattern, the weighted exponential model represents the
prediction of erosion on the Ponta Negra shoreline more
accurately. This hypothesis must be analyzed in future studies
about coastline predictions, in order to make any necessary
adjustments to the models.
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IV. CONCLUSION

The prognostics exhibited well-adjusted and reliable data
and detected a shoreline retreat in each of the scenarios tested.
It was considered important to use different regression models
and with different weightings to compare the shoreline
positions. The models presented results ranging from
inconspicuous to quite alarming and the WLR_A model in a
95% confidence interval was the best-adjusted regression
model for Ponta Negra Beach.

The shoreline on the beach seems to follow a negative
exponential curve more so than a straight line, which suggests
that erosion has been more intense in recent years. If this trend
is confirmed it may lead to even greater environmental and
socioeconomic damage to the Ponta Negra Beach
neighborhoods.

The projections indicated that even in less intense dynamic
conditions such as the section of the beach in an intermediate
morphodynamic state, Ponta Negra Beach will still experience
a -0.9 m/yr to a -2.0 m/yr retreat, seeing that WLR A
predicted a retreat of -1.25 m/yr to -2.0 m/yr in the hot spots
zone, which is a significant rate for an urban beach. The
scenarios that showed the shorelines advancing were not
validated by the statistic adjustment indicator (determination
coefficient R?) thus seem to suggest will not have possible
construction along the shoreline in the next few years.

An analysis of the determination coefficients indicated the
most significant method and in which beach sector each
method was more important and correlated with its
morphodynamic state.

This study can be used to support local governments,
business owners and entrepreneurs to make informed
decisions when facing problems related to the current and
future scenarios of erosion. Even with reservation, this
shoreline analysis with DSAS has proven to be a useful
resource for coastal management. However, it is necessary to
refine and validate these results with more local multitemporal
data collection to increase the potentials of these prognostics.
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