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INNER SHELF CURRENTS OFF PONTA NEGRA BEACH, NATAL, RN, BRAZIL

Fernando Ribeiro’, Felipe Mendonca Pimenta” and Helenice Vital?

ABSTRACT. This work characterizes the inner shelf circulation off Ponta Negra Beach, Rio Grande do Norte state (Brazil). Near-bottom currents and sea level data
are analyzed along with wind data from the ERA-Interim dataset (ECMWF) and historical sea level data from the Port of Natal, provided by the National Oceanographic
Database (BNDQ). Time series are analyzed in time and frequency domains. Currents are further converted into along- and cross-shelf components for their correlation
with wind and sea level data. Ponta Negra near-bottom along-shelf currents are predominantly in the northward direction, with low directional variability and strong
correlation (r~0.71) with the along-shelf wind component. The along-shelf flow is dominated by the subtidal frequency band, which accounts for 65% to 81% of the
energy spectra. Cross-shelf currents are controlled by tides and winds. Sea level variations are dominated by tides make up 98% of the spectral energy. Subtidal sea
level variability is well correlated to winds and currents, but demonstrates very low amplitude.

Keywords: Ponta Negra, winds, tides, residual currents, inner shelf circulation.

RESUMAO. Este trabalho caracteriza as correntes da plataforma continental interna (PCI) da costa oriental do estado do Rio Grande do Norte, adjacente a Praia de Ponta
Negra em Natal. Dados inéditos de correntes préximas ao fundo e nivel do mar sao analisados junto a uma série de ventos derivados da Reanalise ERA-Interim (ECMWF)
e dados de nivel do Porto de Natal, fornecidos pelo Banco Nacional de Dados Oceanograficos (BNDO). Séries temporais s3o analisadas no dominio do tempo e da
frequéncia. Correntes sdo convertidas em componentes ao longo e através da costa para correlagao com o vento e nivel do mar. As correntes de fundo ao longo da costa
sdo predominantemente na direcdo Norte, revelando baixa variabilidade direcional e forte correlagdo (r~0,71) com a componente do vento paralela a costa. Correntes
a0 longo da costa s3o dominadas pela banda de frequéncia subtidal, que compde de 65% a 81% da energia espectral. Correntes através da costa sdo controladas
pelas marés e pelo vento. Variagdes de nivel do mar sdo controladas pelas marés que perfazem 98% da energia espectral. A variagdo subtidal do nivel do mar é bem
correlacionada ao vento, mas apresenta baixa amplitude.

Palavras-chave: Ponta Negra, vento, marés, correntes residuais, plataforma continental interna.
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INTRODUCTION

Brazil's continental shelf has a wide diversity of tropical and
subtropical environments. Extending over 6,400 km, its width
varies from tens of kilometers in certain stretches to hundreds of
kilometers in others. The shelf break starts at a depth ranging from
40 to 180 meters (Castro & Miranda, 1998). Additionally, there
is substantial geographic variability of the physical forcings that
affect the circulation, such as the winds, tides, waves and river
outflows.

This study analyzes near-bottom inner shelf currents off
Ponta Negra Beach, city of Natal, Rio Grande do Norte state. Ponta
Negra (“Black Point”) is located in the eastern part of the Northeast
Brazilian Tropical Shelf (NEBTS) (Fig. 1). The data analyzed here
are from currents and sea level measured 3 km from the beach
at the 10 m isobath, a region identified as the inner continen-
tal shelf (ICS). In general, the ICS refers to the transition region
between the continental and marine domains. From a sedimen-
tological standpoint, it is defined as the region outside the surf
zone extending to a depth where the waves are still able to agitate
sedimentary deposits (Wright, 1995). The definition used here,
and employed by physical oceanographers, differs in the delin-
gation of the ICS outer boundary. This limit is defined as the re-
gion where the surface and bottom Ekman layers start to interact
(Lentz, 1994; Garvine, 2004). The mooring we analyze is lo-
cated in relatively shallow waters compared to typical Ekman layer
depths, so is most likely situated in a region governed by the
inner shelf dynamics®.

These are regions where the flow adjusts to the presence of
the coastline, and its dynamics play a fundamental role in the
destination of contaminants and sediments. Inner shelf currents
can respond to wind stress (local or remote), pressure gradients,
wave incidence and tidal action (Lentz, 1994; Mellor, 1996). The
outflow from rivers can also generate residual density driven cur-
rents (Garvine, 1999; Pimenta et al., 2011). The variability of
these interactions occurs on time scales that range from a few
minutes to several days, requiring measurement programs with
high sampling frequency and preferably long duration (Miranda
etal., 2002).

Few studies involving current observations have been pub-
lished for the Brazilian continental shelf. Among these are
Zavialov et al. (2002) and Costa & Mdller (2011) for the shelf
of Rio Grande do Sul state. Pimenta et al. (2004) described the
mid-shelf currents off Santa Catarina Island with drift data derived

fromamoored buoy. Castro etal. (2013) and Teixeira et al. (2013)
described the dynamics of inner shelf currents off Caravelas,
Abrolhos Banks, BA. Dias et al. (2011) analyzed ADCP data from
the coast of Ceara, near the mouth of the Jaguaribe River. Geyer
& Kineke (1995), Beardsley et al. (1995) and Lentz (1995) all
conducted circulation studies for the Amazon continental shelf.
There is, however, a strong need for systematic studies of the
NEBTS, especially the eastern part of Rio Grande do Norte (RN)
state, where the capital of Natal is located (Vital et al., 2010;
Vital, 2014).

Ponta Negra Beach in Natal has undergone intense urban oc-
cupation in the last decade. Erosional processes started to im-
pact the coast, so that a breakwater was built to protect the beach
(Pereira, 2013). Clandestine pipes, however, still discharge raw
sewage to the storm-water drainage system, which impairs the
beach water quality.

In order to fill the gap in observations for Ponta Negra, a field
program was designed to measure currentand sea level variability.
The monitoring program was performed to allow a first description
of the currents, also providing fundamental information for nu-
merical modeling and coastal management applications. Here we
analyze this dataset, providing a description of the circulation in
response to wind and tidal forcing. The time series obtained sum
up to 96 days of observations, which covers the spring, summer
and fall seasons.

This work is organized in four remaining sections. Section 2
describes the study region, highlighting the mooring position,
tide gauge and the characteristics of Ponta Negra Beach. Sec-
tion 3 describes the database of currents, sea level and winds,
while section 4 describes the results. Section 5 contains the
summary and conclusions.

STUDY AREA

The area studied is the inner continental shelf (ICS) off the eastern
coast of the state of Rio Grande do Norte, adjacent to Ponta Negra
Beach in Natal (5°51'S and 35°8'W). The region is located in the
gastern sector of the Northeast Brazilian Tropical Shelf (NEBTS),
which extends from the Parnaiba Delta at 2°S to the Abrolhos
Bank at 20°S (Vital, 2014). This portion of the shelf presents
mixed sedimentation (carbonaceous-siliciclastic sediments) and
is characterized by narrow width and shallow waters, when com-
pared to other parts of the Brazilian shelf (Vital et al., 2010;
Vital, 2014). The shelf width ranges from 18 km, north of Potengi

3Surface and bottom Ekman layers are presumably too thick for the depth of our mooring. Estimating their thickness by D = (2 Kv/| £|)1/2 for 5°S and a turbulent
viscosity range of 1072 = Kv=10"3 m? 5™, we obtain 12 = D =40 m. So boundary layers are expected to interact and occupy the entire depth. In highly stratified
environments, however, an inviscid interior is bound to exist (see Garvine, 2004 and Pimenta et al., 2008).
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Figure 1 — Location of Ponta Negra Beach, bordered by Morro do Careca in the south and Via Costeira in the north. Isobaths indicate the
depth in meters. The mooring point (MP) is indicated by a black bullet. The tide gauge of the Port of Natal is indicated by a square (TG). The
indicated reference frame Uz and V'y was rotated 27°counterclockwise from true north (see section 4.3 for this angle calculation). The
shelf break is indicated by a thick line at the isobath of 50 meters.
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River mouth, to 30 km off Morro do Careca, where the break has
an average depth of 60 m (Fig. 1). In this figure it is not possible
to identify the width of the NEBTS.

The external portion of the shelf is under influence of the
North Brazil Undercurrent (NBUC), with integrated transport of
26.5 4 3.7 Sv between 0 and 1100 m near 5°S (Schott et al.,
2005)*. The region is characterized by water masses of tropi-
cal origin (T>20°C and S>36 psu) (Silveira et al., 2000) and
a mesotidal regime (Pugh, 2004) with tidal range between 0.85
and 2.30 m (Frazdo, 2003). The persistent forcing of the trade
winds is another distinct feature of this region (Cavalcanti et al.,
2009; Silva et al., 2016).

The region of Natal has variable annual rainfall, with a dry
season (~50 mm month-1) extending from August to March,
mostly associated with the sea breeze circulation. The rainy sea-
son (~500 mm month=) occurs from April to July and is asso-
ciated with the Intertropical Convergence Zone (ITCZ) (Oliveira
& Silva, 2013). The most significant fluvial discharge is from
the Potengi River, to the north of the study region, with average
5m3 s in the rainy period, and nearly 1 m3 s~ in the dry period
(Carrascoza, 2011) (Fig. 1).

The coastline is irregular and predominantly formed by a zeta
(¢) embayment form, with Via Costeira Beach to the north and
Morro do Careca dune system to the south (Vital, 2006) (Fig. 1).

DATABASE

In this section we present the dataset used, described in three
subsections: currents and sea level at the mooring point, tide
gauge of the Port of Natal, and winds. Table 1 presents the period
covered by the sea level data of the Port of Natal, measured by the
tide gauge (TG), the three campaigns carried out at the mooring
point (MP), as well as the coverage of the wind data obtained from
the ERA-Interim Reanalysis (Dee et al., 2011).

Currents and Sea Level at the Mooring Point

During the campaigns, we used an InterOcean Systems model
S4 (electronic-magnetic) current meter. The S4 measures elec-
tromagnetic field changes caused by currents, providing the flow
speed and direction. The equipment also has a pressure sensor
to derive sea level data. The S4 has sampling frequency of 2 Hz
and was configured to sample 10-minute averages at intervals of
30 minutes.

The S4 was moored at a distance of about 3 km from the
coastling at the 10 m isobath (5°51'26”S and 35°8'14"W). The

4Sv =1 Sverdrup =106 m3 s~

current meter was positioned 1.5 meters above the seafloor, within
the bottom boundary layer (Fig. 1).

Currents and sea level data were obtained in three campaigns,
conducted in the spring, summer and fall, with a total of 96 days
(Table 1). The extension of each of the campaigns was enough to
allow the separation of the tidal components: M2 and S2 (mini-
mum recording of 14.7 days); and K1 and 01 (13.7 days) (Emery
& Thomson, 2001). The data from the winter campaign were lost
due to technical problems with the equipment.

Tide Gauge at the Port of Natal

The sea level data of the Port of Natal was obtained from the
National Oceanographic Database (BNDQ). The time series was
collected by a tide gauge (buoy with counterweight) installed at
the end of the pier of the Mineral Resource Research Agency
(CPRM), located 3.5 km inland from the Potengi River mouth
(5°46'43.18"S and 35°12°26.87"W) (Fig. 1). The dataset has
hourly samples and covers the period from April 1, 2005 to May
31,2006 (Table 1).

Winds

The wind data employed are derived from the ERA-Interim pro-
gram, managed by the European Centre for Medium-Range
Weather Forecasts (ECMWF) (Dee et al., 2011). ERA-Interim
is a global atmospheric reanalysis that covers the period from
1979 to the present. The model has a spatial resolution of 0.75°
x 0.75° (~80 km) and a time resolution of 6 hours. The data
were extracted for a region between 32°W and 42°W and 2°S
and 12°S. This period overlaps all the sea level and current
time series analyzed. ERA-Interim winds were well correlated
(r~0.71) with those measured at a local meteorological station
from SINDA/INPE, but the station is located in an urban area with
complex relief, and the data also do not cover the entire period of
our observations (Fig. 1). Due to its good representativeness of
oceanic conditions, the ERA-Interim was employed to perform all
wind stress analysis.

RESULTS

Wind Regime

The winds in the Ponta Negra region are primarily controlled
by the trade wind system and are secondarily modulated by the
sea breeze (Teixeira, 2008; Barros, 2013). The trade winds are
prevailing easterly low-level winds, and in the case of Brazil,
they are generated dominantly by the circulation between the

Revista Brasileira de Geoffsica, Vol. 36(1), 2018
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Table 1 — Periods of the data series on sea level at the Port of Natal (TG), currents and sea level at the mooring
point (MP) and wind data. MP winter data were last due to technical problems with the S4 current meter.

Data Season Period Number
of Days
Historical sea level
All April 1,2 May 31, 2 42
(TG, Port of Natal) pril1, 2005 to May 31, 2006 0
Curentsandsea level | o 0 1 (iober 9, 2013 to November 7, 2013 | 30
(MP, campaign 1)
Currents and sea level
(MP, campaign2) Summer | January 11,2014 to February 12, 2014 33
Currents and sea level
Fall March 14, 2014 to April 15,2014
(MP. campaign3) a arch 14, 2014 to April 15,20 33
Winds .
(ERA-Interim Reanalysis) All November 1, 2004 to April 15, 2014 3453

South Atlantic Subtropical High and the Intertropical Convergence
Zone (ITCZ) (Cavalcanti et al., 2009). In normal years, the ITCZ
migrates northward in August and September (spring), when the
southeasterly trade winds blow over northeast Brazil with more
intensity. The ITCZ's southernmost position is reached in March
and April (fall) (Silva et al., 2016), when low winds and heavy
rainfall are usually expected. Sea and land breezes are meteo-
rological phenomena with daily frequency, present in coastal re-
gions due to spatial differences of air pressure that arise from the
different heat capacities of land and water (Teixeira, 2008). In the
Natal region, the winds blow predominantly from the southeast
direction 86% of time. This variability is explained by its proxim-
ity of the coast due to sea breszes (Barros, 2013).

The wind data from the ECMWF were interpolated to hourly
frequency and then decomposed into along- and cross-shelf
components. For this we considered an angle of & = -27° in
relation to true north®. The wind data were then converted into
along 7, and cross-shelf 7, wind stress components (N m=2)

(Csanady, 1982):
Tx :pacd|W|Wac (1)
Ty = Pacd|W|Wy

where p, = 1.25 kg m= is the air density, |VT/| denotes the mag-
nitude of the wind speed vector, 17/, represents the cross-shelf,
and W, the along-shelf wind components.

1.2 4<U10<11ms™ !
d =
0.49 +0.065U10 11 <U10<25ms !

C, is the drag coefficient, calculated according to Large &

5This angle refers to the principal axes found for inner shelf currents, see section 4.3.
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Pond (1981). Here we analyze the spatial pattern of wind stress
fields, as well as their directional and spectral variability.

Figure 2 presents the directions and magnitudes of the wind
stress fields for the period of the three current measurement
campaigns. In general, the wind stress is more intense in the
oceanic region, with magnitudes greater than 0.07 N m=2. Over
the northern coast of RN, the stress values reach 0.1 N m=2, with
winds blowing parallel to the shore (Fig. 2). Over the continental
region, the stresses were lower than 0.06 N m=2. The dominance
of the southeasterly trade winds was clear during all campaigns.

The directional histograms of Figure 3 depict the dominant
direction of winds just offshore of Natal (see Fig. 2 for the lo-
cation). Winds usually blow from the SE quadrant, with direc-
tional variability of approximately 45°. The magnitude of the wind
stress for Natal was largest during the spring campaign, fol-
lowed by the summer and fall (Fig. 3). This agrees with the cli-
matology reported by Silva et al. (2016), which shows the win-
ter and spring as the windiest seasons for RN state. The average
stress considering all campaigns was near 0.05 N m=, although
stress as high as 0.09 N m= was observed for Natal. During the
spring, the directional variability was also lower than for the other
seasons (Fig. 3).

The spectral analysis followed the method described by
Welch (1967), using a Hanning window, with 1/3 of the total
length of the series and a 50% overlap. This procedure results
in an estimate of the average spectral density calculated from five
segments. The application of this “windowing” procedure causes
loss of spectral resolution, but increases the statistical reliability
of energy density per frequency band (Costa & Moller, 2011).
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Figure 2 — Average wind stress fields derived from the ERA-Interim Reanalysis from the ECMWEF. The color scale represents the magnitude of the
wind stress (N m™2) and the vector field indicates the wind direction. Each season corresponds to the time period of the current meter campaign
(Table 1). The black square indicates the position of the grid point used for extraction of the wind time series used in all correlation and spectral
analyses (see Figs. 3,4, 7,8 and 9).
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Figure 3 —Directional histogram of wind stress direction and intensity (N m™2). The panels correspond to the average winds for a grid point offshore from Natal (Fig. 1).
Each bar follows the meteorological convention, indicating the direction from which the wind is blowing. The sampled time corresponds to the current measurement

periods, as reported in Table 1.

The spectral density of the winds showed a similar pattern
in the three seasonal campaigns (Fig. 4). The analysis revealed
three dominant bands with periods of: 1 day (diurnal), 3 to 5
days, and more than 6 days. The diurnal signal of the sea breeze
was apparent in the three campaigns, with the greatest relative
contribution occurring in the fall. The largest energy contribu-
tion was concentrated in the low frequency band with periods
longer than 10 days. A secondary peak was found with variabil-
ity near 5 days, which can be associated with atmospheric wave
disturbances and inertial oscillations (Neiva, 1975; Cavalcanti et
al., 2009).

Sea Level

We analyzed a historical sea level time series of the Port of Na-
tal along with the sea level data from the mooring point (Table 1).

The spectral analysis of the sea level time series from the Port of
Natal is presented in Figure 5a, with specific frequency bands in-
dicated by horizontal lings. Following Zavialov et al. (2002), we
integrated the fractions of energy spectra that reside within these
bands: the shallow water band (SW, periods from 2 to 11 h), the
semi-diurnal band (SD, periods from 11 to 18 h); the diurnal band
(D, 18 t0 30 h); the meteorological forcing band (M, 30 to 240 h);
and the low frequency band (LF, periods over 240 h).

The results of this integration, expressed as percent relative
to the total energy, are given in Table 2. The semidiurnal tidal
band’s dominance is quite evident from the graph of Figure 5a,
covering 97.54% of the spectral energy, followed by the diur-
nal band (1.02%), low frequency band (0.48%), shallow water
(0.40%) and meteorological band (0.28%) (Table 2). The spec-
tral analysis of sea level from the mooring point (MP) revealed

Revista Brasileira de Geoffsica, Vol. 36(1), 2018
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Figure 4 — Spectral density of wind stress for the spring, summer and fall seasons (Table 1). The dashed lines indicate the periods of diurnal and 5 day variability. The
wind series data used here covered the same period of current measurements, as reported in Table 1.
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Figure 5 — Spectral analysis of the sea level for the Port of Natal (panel A) and the mooring point (MP, panels B to D) for the spring (panel B), summer (panel C) and
fall (panel D). The letters LF, M, D, SD and SW refer, respectively, to the low frequency, meteorological, diurnal, semidiurnal and shallow water bands (see Table 2 for
definitions). The shallow water components M3, M4 and M6 are indicated by labels. PSD refers to power spectral density (m? cph™).
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Table 2 — Energy partition derived from specitral analysis of the sea level from the Port of Natal (TG) and at the mooring point (MP).
Distribution is performed according to five main frequency bands, computed for the TG and the spring, summer and fall campaigns
of the MP. The locations of the TG and MP observation points are depicted in Figure 1.

Port of Natal . .
Frequency bands (cph) Periods (h) (% Energy) Mooring Point (% Enrgy)
All Spring | Summer | Fall
Low frequency | 0.00048 < f < 0.00417 200< T 0.48 0.23 0.28 0.15
Meteorological | 0.00417 < f <0.03333 | 30 < T <240 0.28 0.13 0.61 0.33
Diurnal 0.03333 < f <0.05555 | 18< T <30 1.02 0.32 0.88 0.36
Semidiurnal | 0.05555 < f <0.09090 | 11 < T <18 97.54 99.26 98.07 | 99.02
Shallow water | 0.09090 < f <0.50000 | 2< T <11 0.40 0.05 0.16 0.15

the semidiurnal frequency as the dominant band, with more than
98% of the spectral energy (Table 2). Its spectral amplitude is also
two orders of magnitude larger than the other bands (Figs. 5b to
5d). The diurnal band represents less than 1% of the spectral en-
ergy. The relative importance of shallow water components was
higher for the Port of Natal (Table 2).

The harmonic analysis of the sea level data was performed
with the T_TIDE package developed by Palowicz et al. (2002),
revealing 29 statistically significant components at 95% confi-
dence level for the three campaigns performed at the mooring
point (MP) (Table 3). This analysis showed that the semidiurnal
components have the largest amplitudes, corroborating the spec-

tral analysis. The components M2, S2 and N2 presented respec-
tively amplitudes of 0.818 m, 0.272 m and 0.159 m for the MP.
Inturn, the diurnal components were 0.050 m for 01 and 0.045 m
for K1, characterizing the region by a form number of 0.087,
denoting a mesotidal regime of semidiurnal characteristics

Nf— AKi+AOL _ 0.045 40050 _ 0.09

= = = 0.087.
AM> + AS>  0.818 +0.272  1.090

The harmonic analysis of the sea level measured at the Port
of Natal revealed 35 statistically significant constants at 95%
confidence level. For compactness, only the 14 principal com-
ponents are presented due to their greater importance in terms of
amplitude (Table 3). The strongest components were the semidi-

Table 3 — Harmonic components in decreasing order of amplitude. Analysis conducted with data
from the Port of Natal from April 1, 2005 to May 31, 2006. The data series used in the analysis
for the mooring point refer to the spring (Oct. 9, 2013 to Nov. 7, 2013), summer (Jan. 11,2014 to
Feb. 12, 2014) and fall (March 14, 2014 to April 15, 2014). Data collected in UTC. The harmonic
analysis was performed with the T_TIDE package developed by Palowicz at al. (2002).

Frequency | Period Mooring Point Port of Natal
Constant (cph) ) Amplitude | Phase | Amplitude | Phase
(m) (°) (m) (®)

M2 0.0805 12.42 0.818 202.73 0.784 211.67
S2 0.0833 12.00 0.272 227.36 0.266 232.42
N2 0.0789 12.65 0.159 186.75 0.159 199.79
K2 0.0835 11.96 0.091 220.16 0.074 229.27
01 0.0387 25.81 0.050 170.95 0.049 202.60
K1 0.0417 23.93 0.045 293.91 0.048 27913
MU2 0.077 12.87 0.026 177.16 0.020 204.05
Q1 0.0372 26.86 0.015 111.00 0.013 163.42
L2 0.0820 12.19 0.012 223.51 0.028 213.27
M3 0.1207 08.28 0.007 24464 0.006 280.05
M4 0.1610 06.21 0.003 282.31 0.026 163.78
MS4 0.1638 06.10 0.003 205.44 0.020 194.50
M6 0.2415 04.14 0.001 090.42 0.005 059.00
2MN6 0.2400 04.16 0.001 080.75 0.003 050.74
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urnal M2, followed by S2 and N2, with respective values of 0.784,
0.266 and 0.159 m. The values of the diurnal components were
0.049 for 01 and 0.048 for K1. The form number was 0.092

_ AK;+ AO;  0.048 +0.049  0.097
T AM> + ASs ~ 0.784 4 0.266 ~ 1.050

Nf = 0.092,
also classifying the tidal regime as pure semidiurnal.

Although the course of the tide in the estuary is short, about
2 kilometers, there is a slight reduction of M2 amplitude and an
amplification of the shallow water components M4, MS4 and M6.
Theiramplitude is at least five times larger for the Port of Natal than
for the mooring point (Table 3). The value of the M4/M2 ratio of
the Port of Natal was 0.03. The M4/M2 ratio is a measure of the
distortion of the principal semidiurnal component and reflects the
dissipative effects of the system as well as the transfer of spectral
energy from the M2 to M4 component (Pingree & Griffths, 1979;
Miyao & Harari, 1989).

Currents

Current data from all campaigns were recorded in the form of
U, and V,,, components, referenced to magnetic north (N, ).
Since the mean declination of the magnetic north IV, to the true
north V- was @ = 21.6°W, the reference axis was rotated 21.6°
clockwise (U7 and V). Later the hourly dataset was decomposed
into along-shelf (V) and cross-shelf (U7,;) components, with
the along-shelf axis oriented & = -27° from true north (Fig. 1).
This angle was found by computing the principal axis of variance
of currents from analysis of empirical orthogonal functions (EOF)
(Emery & Thomson, 2001). The U, cross- and V;, along-shelf
components were used for the time series, correlations and spec-
tral analysis. All current data refer to near-bottom currents, ob-
served at 1.5 m above the sea floor.

" 15%
L 20% : ) 20%

S S

Directional Analysis

The directional histograms of the current data are shown in Fig-
ure 6. The predominant direction of the currents was to the north-
ern quadrant, with amaximum directional spread of approximately
90°. Spring data presented the highest directional variability.
The currents were the strongest in the summer, while the weak-
est directional variability was observed during the fall. Regarding
the seasonal distribution, the summer presented currents with me-
dian of 12.86 cm s, followed by fall with 8.02 cm s~ and spring
with 9.31 cm s~'. The strongest observed near-bottom currents
were around 30 cm s~

Time Series Analysis

The time series of wind, near-bottom currents and sea level for
the spring, summer and fall campaigns are illustrated in Fig-
ures 7, 8 and 9 respectively. Both the wind and current data are
decomposed into their along-shelf and cross-shelf components.
The filtered dataset, computed with a Lanczos low-pass filter with
cutoff frequency of 43 h, are superposed over each original series
by a red line.

The results show that in general the winds blow against the
coast (7, < 0) and towards the north (7, > 0). We never ob-
served reversal of the cross-shelf wind component in the period
of measurements, i.e., winds were predominantly onshore. The
mean intensity of the cross-shelf component was on the order of
7. = -0.05 N m™2. On rare occasions, the along-shelf winds Ty
reversed direction or waned in magnitude. Two examples are the
eleventh day of the spring campaign (Fig. 7) and the twelfth day
of the fall campaign (Fig. 9). We observed a marked diurnal peri-
odicity, associated with the sea breeze, and a longer period of 4 to
10 days, presumably associated with atmospheric easterly wave
disturbances or inertial oscillations (Cavalcanti et al., 2009).

)
Voo
NAO® R R ]

Figure 6 — Directional histograms of near-bottom currents (cm s~1) at the mooring point (MP) for the spring, summer and fall. The direction of the bars follows the

oceanographic convention and points to the direction that the current flows.
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The sea level series indicate the semidiurnal predominance
as well as the spring to neap tidal variability. The maximum
heights during spring tides (M2+S2) were on the order of 2.2 m,
declining to 1.1 m during neap tides (M2-S2). The currents
demonstrated a clear tidal signal, both in the along- and cross-
shelf components (Figs. 7 to 9). Cross-shelf currents changed
in magnitude with clear semidiurnal periodicity, sometimes indi-
cating onshore (U, < 0) and offshore (U, > 0) flow, and
intensities on the order of 5 cm s™'. The cross-shelf component
was particularly large during the summer campaign. Along-shelf
currents also showed semidiurnal variability with amplitudes on
the order of 5to 10 cm s~". Residual currents, however, were pre-
dominantly to the north (V;, > 0). The low-pass filtered com-
ponent Vs illustrates this response by the red line in Figures 7,
8and 9. There is also a direct relation among the filtered series
of winds (7, #), sea levels (n,) and along-shelf currents (V,, 5 ).
In general, periods of strong along-shelf winds (7, ; > 0) were
followed by intense currents toward the north (V;,; > 0) and
higher sea level. An example of this happened on the twelfth day
of spring, when the winds intensified and a relatively quick re-
sponse of the currents occurred. Another example happened on
the tenth day of the summer campaign.

Correlation Analysis

We calculated pairwise Pearson correlation coefficients between
the filtered series of the sea level (ny), winds (7,5, 7, ¢) and
currents (U, s, Vi ¢) to investigate the linear refation of the re-
sponse of the ocean to wind forcing®. Table 4 lists the correla-
tion coefficients with more that 95% confidence for the three cam-
paigns. As can be seen, there was a strong correlation between
the along-shelf winds and currents (7, and V,, ¢), with » = 0.77
for spring, » = 0.70 for summer and » = 0.66 for fall, suggest-
ing that winds parallel to the shore drive the inner shelf currents
of Ponta Negra.

A positive correlation (r = 0.72) was observed between
T, and Uy ¢ at the mooring point, suggesting that positive 7, ¢
are associated with positive U, ¢ offshore flow near the bottom.

More generally, positive winds parallel to the shore (7, ¢)
caused a slight sea level rise () and currents toward the north
(Vi r), as illustrated by the positive correlation values r = 0.48
(spring); 0.70 (summer) and 0.72 (fall) (Table 4). Cross-shelf
winds (7 s) also promoted sea level set-up (n¢), as illustrated
by the negative correlation between 7,y and 7.

Table 4 — Pairwise correlations with more that 95% confidence between the
along-shelf (7, s and V,, f), cross-shelf (7, s and U, ) winds and currents
and sea level (ny). The values in each cell refer to the spring (top), summer
(middle) and fall (bottom).

Ny Taf Ty Uy Vs
ns 1 - - - -
-0.37
rop | 026 1 - - -
-0.57
048 -0.35
T 070 | -037 1 - -
0.72 -0.79
U | 020 - - 1
0.71 -0.62 0.72
0.69 - 0.77 -
Vi, | 086 | -034 | 070 - 1
0.49 -0.38 0.66 047

Spectral Analysis of the Currents

The spectral analysis of the components U, and V/, identified
a significant portion of the energy concentrated in the subtidal
band. The spectrum of the components V;, and U, revealed
an energetic low frequency band, thus suggesting that the trade
winds are an important forcing of the circulation (Figs. 10D, d, f).
Table 5 presents the energy partition of the U, and V4, compo-
nents derived from the spectral analysis. Currents are dominated
by the low frequency and meteorological bands that together ac-
count for 65 to 81% of the along-shelf component and 47 to 53%
of cross-shelf component spectral energy (Table 5). During the
fall campaign, wind driven along-shelf currents had relatively low
magnitudes for approximately 12 days, raising the energy contri-
bution of the tidal band (Table 5 and Fig. 9).

Progressive Vector Diagram

A progressive vector diagram (PVD) of currents represents the
calculation of the theoretical displacement of a neutral parti-
cle transported by currents referenced to the North (U and V).
The path is estimated from the following equations:

tf
JJZJ}()-F/ Udt
»

tf
yzyo+/ Vadt
t

where z and y denote the distances traveled (m), o and yo are
the points of origin, and ¢z and ¢ f are the initial and final times,

6Here the sea level and current dataset was reduced to a 6 h time series for direct comparison with the wind data, which has four observations per day.
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Time (Days)

Figure 7 — Time series for the sea level (r7), wind stress cross-shelf (7;) and along-shelf (,,) components, as well as current cross-shelf (U, ) and along-shelf
(V) components. Series shown here are relative to the spring campaign (Oct. 9 to Nov. 7, 2013). Low-pass filtered time series (red lines) are superposed in all panels.

Summer

-20 RS S S S S I S S S S S S T S T S S S [ S S S S [ S S S S S A
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Time (Days)

Figure 8 — Same as Figure 7, but for the summer campaign (Jan. 11 to Feb. 12, 2014).
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Time (Days)

Figure 9 — Same as Figure 7, but for the fall campaign (March 14 to April 15, 2014).

Table 5 —Energy partition derived from the spectral analysis of cross- (U ) and along-shelf current components (V4,). Distribu-
tion is performed according to five main frequency bands. Each partition is calculated for the spring, summer and fall campaigns.

Energy (%)
Frequency bands (cph) Spring Summer Fall
Low frequency | 0.00048 < f < 0.00417 | 19.99 | 57.95 | 30.30 | 56.87 | 34.36 | 46.55
Meteorological | 0.00417 < f <0.03333 | 27.14 | 21.57 | 2255 | 23.96 | 1898 | 17.96
Diurnal 0.03333 < f <0.05555 | 520 | 2.70 | 10.09 | 369 | 6.88 | 7.13
Semidiurnal | 0.05555 < f < 0.09090 | 19.88 | 12.69 | 20.57 | 12.81 | 22.53 | 24.69
Shallowwater | 0.09090 < f < 0.50000 | 27.79 | 5.09 | 1649 | 268 | 17.25 | 3.67

respectively. The analysis indicates the path of a floating particle
in a spatially uniform and non-stationary current field. Figure 11
presents the PVD of the three campaigns. The origin represents
the mooring location, to facilitate visualization and comparison
of the results. The diagrams confirm that the predominant dis-
placement caused by currents is to the north, or more specifi-
cally, along the shelf. Labels on each trajectory indicate the time
elapsed in days. The residual displacements for the spring and fall
were around 50 km to the west and 200 km to the north. Longer
northward displacements (300 km) were observed for the summer
campaign due to stronger winds and along-shelf currents ob-
served in this season.

SUMMARY AND CONCLUSIONS

This article describes the first long-term measurements of near-
bottom currents and sea level off Ponta Negra Beach inner shelf,
city of Natal, RN, Brazil. The mooring time series cover the spring,
summer and fall seasons, with 96 days of observations. The data
were combined with tide measurements from the Port of Natal and
winds derived from the ERA-Interim reanalysis.

Sea level data from the Port of Natal and from the mooring
point revealed that 98% of the spectral energy is concentrated in
the semidiurnal band and about 1.02% in the diurnal band of the
tides. The meteorological and low frequency bands only compose
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Figure 10— Comparison between the cross-shelf (U ) and along-shelf (V4,) velocity components during the spring, summer and fall campaigns. The letters LF, M,
D, SD and SW refer, respectively, to the low frequency, meteorological, diumal, semidiurnal and shallow water bands. PSD refers to power spectral density (cm? s—2
cph™).
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Progressive vector diagram
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Figure 11— Progressive vector diagram of near-bottom currents (U, V') for the spring, summer and fall. Labels indicate time elapsed in days for each of these mooring

campaigns.

about 0.76% of the sea level spectral energy, with more intense
shallow water components for the estuary. Although having low
amplitude, the subtidal signal of the sea level is strongly corre-
lated with the along-shelf winds and currents.

Near-bottom currents over the inner continental shelf adjacent
to Ponta Negra Beach are predominantly to the north. The greatest
intensities were measured in the summer campaign, with median
0f 12.86 cm s, followed by fall with 8.02 m s~" and spring with
9.31 ms~". The spectral analysis indicated that the along-shelf
component is more energetic over the low frequency and mete-
orological bands, which together account from 65% to 81% of
the spectral energy. For the cross-shelf component, these bands

account for 47 to 53%. Shallow-water, semidiurnal and diurnal
bands together account for 47 to 53% of cross-shelf component
spectra, compared to 19 to 35% for the along-shelf component.

The combined analysis of correlations, with the partition of
spectral energy and the progressive vector diagrams suggests that
the residual along-shelf near-bottom flow is predominantly driven
by winds. The mean circulation is predominantly to the north and
parallel to the coastline. The data from the summer campaign esti-
mate a displacement of 335 km to the north and 25 km to the west
during 33 days. During the spring and fall, the residual displace-
ment was approximately 200 km to the north and about 50 km to
the west in approximately 30 days.
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