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Abstract

One year of deep-water wave hourly records collected by a buoy deployed off Ceara state, northeastern Brazilian coast, were used
to estimate some regional wave climate characteristics and annual cycles. Waves generated by four wind sources were identified.
Southeastern direction showed to be the most effective, especially in the period from June to November due to southeast trade
winds system intensification. Several dispersive arrivals of north Atlantic swell were recorded, and their generation zones were
identified, which allows determining the region of main sources of these northern waves. Analysis of sea storms showed that
although most of them had southeast direction, they could also come from the north. These northern storms sometimes are highly
energetic, leading to damage in coastal structures. Only 37 records in the analyzed dataset around 0.4% of the total contained
rogue waves. Although the number of occurrences of rogue waves was small, all of them were higher than 2.5 m.

Keywords Wind wave climate - Brazilian northeast region - North Atlantic swell - Storms characteristics

1 Introduction

Waves are the main form of energy transport in the ocean and
the primary agent in coastal sediment dynamics. Thus, the
knowledge of their characteristics and cycles is fundamental
for better understanding coastal dynamics.

Nearly one third of the Brazilian coast, northern Cabo do
Calcanhar (RN, approximately5°S; 35°W), is facing north-
east, and due to its geographical position, it is directly exposed
to trade winds, which drive the main components of the local
wave climate.

Nevertheless, it is seasonally hit by long-traveled swell
originated by storms in the north hemisphere. Branco (2005)
showed that these waves from north have a strong seasonality
with maximum in austral summer and spring. In addition, they
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can be highly destructive, causing damages in many places
including Fernando de Noronha Island, as shown by the ex-
amples of newspaper headlines attached (Appendix).

This constant wave action drives a strong westward sedi-
ment transport in the region (Bandeira et al. 1990), and it has
been highly affected by human interventions leading to in-
tense erosion in places like Pontal de Maceid (Morais et al.
2008), Fortaleza waterfront (Silva et al. 2011), Mucuripe
(Paula 2012), Pecém (Magini et al. 2013), Pacheco and
Tabuba (Morord et al. 2015), and Caucaia (Faganha et al.
2017).

There is a lack in wave measurements along Brazilian
coast, and most of the existing ones are related to engineering
purposes with short duration and shallow water deployment.
In the northeast region, many studies were carried out on
Ceara State coast (Fig. 1). Melo and Alves (1993) based their
work on visual observations, while many other authors used
wave measurements related to harbor construction, like
Mucuripe and Pecém (Melo et al. 1995; Fisch 2008; Silva
et al. 2011; Farias and Souza 2012).

However, these data were collected in typically 20 m depth.
As the bathymetry of the region is characterized by a mild
slope, deep waters were only found far from the coast (Fisch
2008). In this way, the direction of propagation of long waves
in these measurements was altered by the bottom.

Within the framework of the National Buoy Plan—Plano
Nacional de Boias, PNBOIA—conducted by the Brazilian
Navy, an Axys 3M buoy (Argos ID: 146448; WMO ID:
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Fig. 1 Map of the northeastern Brazilian coast showing location of deployment of the PNBOIA buoy, off Ceara littoral. The deployment was at a depth

0of 200 m

31229) was deployed off Ceara coast, at coordinates 3.21°S;
38.44°W, 200 m depth, (Fig. 1) remaining operational from
late October 2016 to early December 2017. Data recorded by
this buoy were used in this work to estimate annual cycle and
characteristics of the waves in the region.

2 Data description

Analyses were carried out from December 1, 2016, to
November 30, 2017, and records had hourly sampling
frequency. As heavy-north-east raw data were not avail-
able, the following statistical parameters processed by
the buoy internal software were used:

@ Springer

Significant wave height (Hs). Both definitions for
significant wave height were available. H;,; is cal-
culated in the time domain and represents the aver-
age of the highest 1/3 of the waves (Young 1999).
However, the definition in the frequency domain
(HmO) was chosen. Following Young (1999), the
value of HmO is four times the square root of the
area under the spectral curve. Generally, their values
are similar, but HmO can also be obtained by nu-
merical modeling, which turns future comparisons
with numerical modeling results easier

Maximum wave height (Hmax), the largest wave height
of the record

Peak period (Tp), the most energetic wave period of the
spectrum
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Table 1 Sea state parameters of

each forcing wind at Ceara coast. Max Hs (m) Period range (s) Direction range
DANH means dispersive arrivals
from the North Hemisphere 1 Local wind sea 1.1 2.0-5.0 NW to ESE

2 SE trade wind sea (SETW) 2.0 5.0-8.03 E to SE

3 NE trade wind sea NETW) 1.1 8.03-11.2 N to NE

4 DANH 2.8 11.2-20.0 NW to NE

— Mean wave direction (Dm), computed by averaging the
direction over all frequencies with the weighting function

S(f)

Directional spectra processed by internal software of the
buoy were also used.

Mean wave direction sometimes does not give clear infor-
mation, especially under crossing wave systems condition. To
overcome this problem, two additional parameters were ex-
tracted from directional spectra. The first one is peak direction
(Dp), direction associated to peak period. The second is the
most energetic direction of spectra given by

0.64
De (0) = [ E(f,0) df (1)
0
In the wave storms analysis, mean values were calculated
for each variable. For example, mean HmO for each storm is
given by

Hmo — % S Hmo, 2)
i=1

where n is the number of records or hours in a storm.
Analogous averages were taken for maximum wave high
(Hmax), peak period (Tp), and peak direction (Dp).
Although it is not usual to calculate average for direction, in
this case, the standard deviation is very small, that is, the
values of the directions are close to each other, turning the
operation valid.

Characteristics of wind in the region were discussed by
many authors, as Fisch (2008) or Camelo et al. (2008), for
example, and will not be included herein.

3 Results
3.1 Statistical analyses and annual cycles

Waves arriving to the Ceara coast can have five main genera-
tion sources. First and more constant are those forced by
southeast trade winds, followed by waves generated by north-
east trade winds. Furthermore, there are the northern long-
distance generated swell and the local generated wind sea.
There are also waves generated by atmospheric African

eastern disturbs, but they are very small when compared to
local wave regime (Innocentini et al. 2005).

Fisch (2008) analyzed a 5-year wave time series and related
sea states based on significant wave height, peak period, and
direction to generating winds as shown in Table 1, where
DANH means dispersive arrivals from the North Hemisphere.

Peak period and peak direction relation obtained in this
work (Fig. 2) approaches qualitatively to sea state classes cited
by that author, whose class limits are marked by rectangles
and indicated by numbers. The only remarkable difference is
that, in the dataset analyzed in this work, waves with periods
in the range 5 to 11.2 s had directions more widely distributed,
from 0 to 150°. Yet according to Fisch (2008), winds from
northwest to north in the area represent only around 1.5% of
the total and are generally short-lived and low intensity. So,
local generated short period waves from these directions are
not expected to be frequent. Anyway, there is no clear reason
for their complete absence in the results obtained. It can be
assumed that the differences are related to the nearest or far-
thest deployment position from the coast, refraction effects or
operational range of wave periods of the equipment.

Hs (upper panel) and Hmax (lower panel) data time
series used here can be seen in Fig. 3. HmO average for
the whole period was 1.78 £0.39 m. The maximum val-
ue (3.61 m) occurred at September 19, 06:00 GMT.
Hmax mean was 2.71 £0.66 m, and the extreme wave
was recorded at July 30, 09:00 GMT, with 5.87 m
height, associated to 2.65 m HmO. Both mean values
are much greater than those found by Fisch (2008)
and Silva et al. (2011). A remarkable difference in the
variance of both series can be seen from June/July on-
wards. An analogous behavior is also observed in the
other parameters like Tp and Dm, as will be showed
ahead, and these changes can be related to the intensi-
fication of the SE trade winds.

Following Dean (1990), Abnormality Index (Al) is the ra-
tio between H and HmO, where H is the height of any individ-
ual wave of the record. To be considered a rogue wave, Al
must be greater than 2, or H>2 - Hm0. As raw data was not
available, in this study, Al is given by Al = Hmax/Hs. Linear
regression adjusted to data showed the relation

Hmax = 1.56*Hm0-0.07,
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Fig. 2 Peak direction and peak
period scattering diagram

showing different sea state classes
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according to their forcing winds.
Boxes are the limit of each class
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very similar to characteristic south/southeastern regions
(Candella 2016). Figure 4 shows the dispersion diagram
HmO x Hmax, as well as the linear adjustment and limit to
rogue waves (Hmax >2Hs).

HmO and Hmax histograms can be seen in Fig. 5 a and b,
respectively. Their modal values were 1.4 and 2.4 m.

Peak period ranged from 3.3 to 22.2 s, with mean
equals to 8.7+3.2 s and modal value 6 s. Half of the
records showed Tp shorter than 6 s, while 75% of re-
cords were shorter than 10 s, and 99% of them were
shorter than 17 s. Figure 6 a displays Tp evolution
along the year. A change in variance is noticeable from
June onwards, due to the presence of the shorter waves
generated by SE trade wind intensification. Probability
distribution (Fig. 6b) exhibits a concentration around
6 s, but there is also the presence of a significant tail
in the low-frequency band. Longer periods are associat-
ed to long-distance generate northern waves.

Due to the geographic position of the coast, wave
directions vary from NW to SE or 344° (—16°) to
145°. Figure 7 a shows peak direction time series.

=)

Peak Direction (°)

Analogously to Tp, there is a clear change in the series
variance around June, with a tendency towards southeast
direction associated to waves formed by intensification
of SE trade winds. A clear bimodal distribution is
shown in Fig. 7 b, with main peak associated to SE
direction and a secondary one related to waves formed
by NE trade winds as well as long-distance generated
northern waves.

Normalized energy contours of Dp X Tp shown in
Fig. 8 clearly evidence an annual cycle. From June to
November, there is a predominance of waves from the
southeast associated to short periods. In December and
January, both SE and North/Northeast waves are pres-
ent, with higher periods linked to N/NE waves. In the
following months, namely February, March, and April,
peak direction tends to be only N or NE, while May
seems to be the transitional month, with waves from all
main directions.

Probability distribution of the most energetic direction
(Fig. 9) corroborates the above affirmative exhibiting a quite
similar monthly variation. From June to November, most of
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Fig. 4 HmO to Hmax correlation for the whole data. Solid line is the
linear regression adjusted to data, and the coefficient of the linear
regression is close to the mean value found by Candella (2016) to
Brazilian south and southeast regions. Dashed line is the limit to rogue
wave relation (Hmax > 2-HmO)

the energy is concentrated in southeast direction, whereas in
the other months, energy coming from N/NE is also present,
sometimes as the most significant energy source.

3.2 Dispersive arrivals

Deep-water waves are dispersive, meaning that longer waves
travel faster than shorter ones. Then, if the generation zone is

far enough, there will be a dispersive arrival, characterized by
gradual decrease of the peak period (Tp).

Starting from the well-known dispersion equation for deep-
water waves:

ot =gk (3)

where o = 27” and T is the period of the wave, g is the gravity
acceleration and k = ZL—’T, k is the wave number and L is the

wave length, the distance X from the wave generation zone
can be determined by

gl
AnAf “)

where X is given in meters, At is the propagation time of the
waves, and Afis variation of the frequencies, as first described
by Munk et al. (1963).

Melo and Alves (1993), Melo et al. (1995), Fisch (2008)
and Farias and Souza (2012) had already cited dispersive ar-
rivals of waves to Ceara coast, but their analyses were based
on visual and/or intermediary water measurements.

Still following linear theory, wave length in deep water
approximation can be expressed as L = 1.56 - 7%, where L is
the wave length and T the period. In practice, waves are in
deep water if 1=L/4 (WMO 1988). As the longer period
found was 22.2 s, all waves can be considered deep-water
waves, and it can be assumed that the propagation direction
was not effectively influenced by the bottom.

Using the distance X, the deep water group velocity
(Cg =5=0.78T 2) and the direction of the first waves, it

T
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Fig.5 HmO (a) and Hmax (b) histograms for the whole data. The modal values for both distributions show that the sea conditions are not severe most of

the time
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but a significant tail in the low frequency band also can be seen

is possible to estimate the generation zone of each event by
tracing arcs of great circle.

All northern waves with Tp longer than 12 s seem to arrive
at Brazilian North coast in a dispersive way, but sometimes,
the gradual decrease on peak period is not so clear due to
interference of other wave systems. Table 2 shows some char-
acteristics of 12 arrivals that could be clearly identified. In this
table, Ti means the peak period of the arrival beginning, Tf is
the ending peak period, Dist is the estimated distance to gen-
eration zone, Direc is the peak direction of the first waves,
Prop. Time is the propagation time, Max and Mean Hs are
maximum and average significant wave height of the event,

and Max and Mean Hmax are analogous to the maximum
and the mean height of highest individual waves.

Generation zones were determined based on Eq. 3 and are
shown in Fig. 10. No seasonality pattern related to positioning
of these zones was found.

Some of these dispersive arrivals produced heavy wave
conditions, especially those in April 4 and May 2.
Significant waves during these events were almost four stan-
dard deviations higher than mean HmO.

According to the information obtained from the National
Hurricane Center accessed in September 2018 at <https://
www.nhc.noaa.gov/data/>, the generation area of the last
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Fig. 7 Peak direction time series (a) and probability distribution (b). Analogously to TP, there is a clear change in the variance from June onward and a

bimodal probability distribution, with peaks in SE and N/NE directions
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dispersive event listed in Table 3 is close to the trajectory of
hurricane Irma (Fig. 10). Occhi (2003) cited that the larger
waves travel ahead of the hurricane as swell, and peak periods
longer than 15 s can be generated depending on severity of sea
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state, like those observed in hurricane Gloria. In this case,
peak direction of the waves was different from the trajectory
path of the hurricane, and no references could be found in the
literature relating wave dispersive arrivals to hurricanes.
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Fig. 9 Monthly most energetic wave direction histogram. Distribution pattern corroborates the annual cycle evidenced by monthly Dp x Tp contours,
exhibiting a quite similar variation
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Table 2 Waves characteristics of
dispersal arrivals that could be
identified in data set

Fig. 10 Gray circles mark the
location of the generation zones
of dispersive arrival events
measured in the Ceard coast in
2017. Dotted lines are arc of
circles representing directions of
propagation. Gray squares show
hurricane Irma’s trajectory from
2017, August 30, 00:00 UTM
(rightmost point) to 2017,
September 13, 00:00 UTM,
proving that this atmospheric
system was the forcing of the
dispersive arrival event recorded

@ Springer

Date Ti Tf Dist Direc  Prop. Max Mean Max Mean
(s) (s) (km) (©) Time (h) Hs (m) Hs (m) Hmax Hmax (m)
(m)

Dec 06, 143 11.1 5292 18 130 1.66 1.44 247 2.01
2016

Dec 08, 154 11.8 5527 0 130 1.68 1.44 2.82 1.57
2016

Dec 21, 182 133 5964 351 120 2.62 227 4.28 3.45
2016

Feb 18, 200 133 5127 0 90 2.53 2.10 3.55 291
2017

Mar 02, 222 143 6205 18 100 2.15 1.74 3.26 2.54
2017

Mar 31, 200 11.8 7191 15 130 2.79 1.92 441 2.89
2017

Apr 04, 200 11.1 6093 354 110 3.28 2.26 5.76 3.33
2017

Apr 20, 182 9.1 5161 354 100 2.90 1.64 4.95 2.50
2017

May 02, 143 9.1 6112 21 150 3.26 1.76 3.81 2.64
2017

May 26, 154 11.1 5915 15 140 1.24 1.11 2.08 1.69
2017

Jun 15, 143 105 4215 15 110 1.88 1.49 2.72 2.16
2017

Sep 05, 154 11.8 2126 348 50 2.19 1.95 3.92 2.95
2017
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Table 3 Number of rogue waves

in each month of the year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Number of RW 1 2 3 4 5 3 5 5 4 0 3 0

NCEP Reanalysis sea level atmospheric pressure and wind at
10 m fields accessed at <https://www.esrl.noaa.gov/psd/data/
gridded/data.ncep.reanalysis.surface.html> (not presented
here) showed no other possible source for those waves in the
North Atlantic.

3.3 Wave storms analysis

According to Boccotti (2000), a sea storm is a sequence
of sea states in which significant wave height exceeds a
threshold value. Here, a minimum duration was not de-
fined, which means that a single record above the limit
can be considered a storm. In addition, HmO cannot fall
below this limit for more than 12 continuous hours to
be considered as a part of the same storm, the same
criterion adopted by Broccotti (2000).

Threshold limit (Hcrit) can be defined as an arbitrary value,
for example 2.0 m, as adopted by Candella et al. (2008), or as
a location-dependent wave height, as proposed by Broccotti
(2000), where Hcrit equals 1.5 times Hs. This last criterion
was adopted in this work, and as Hm0 = 1.78 m, Hcrit=
2.67 m.

Forty events were classified as sea storm using the
previously mentioned parameters. All storms occurred

n
o

between April and December, although over 70% of
them were concentrated in September (19 storms) and
October (10 storms) (Fig. 11, upper panel). Most of
storms had short duration. Only one event was longer
than 12 h (Fig. 11, central panel) and 72.5% shorter
than 6 h (Fig. 11, lower panel). Mean storm duration
was approximately 5 h, ranging from 1 to 26 h.

Of the 40 wave storms detected, 37 had average di-
rection southeast (more than 100°). The other three had
north as mean direction (around 0°). As expected, the
peak period related to northern waves were longer than
those from SE direction (Fig. 12, left panel). On the
other hand, although mean HmO from north were gen-
erally smaller than those from southeast (Fig. 12, central
panel, gray circles), their maximum wave heights can be
high enough to lead to the destructive episodes already
mentioned (Fig. 12, right panel, gray circles).

A northern event occurred in April 20/21 showed mean
HmO (2.50 m) smaller than Hecrit. It happens due to the pres-
ence of 2 records above Hcrit separated by less than 12 h. In
this way, all points below the critical limit and between these
two records were also considered as part of the storm
(Fig. 13).

The strongest storm registered during the measurement pe-
riod started at September 9, 2017, 02:00 GMT, and lasted for

—_
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Fig. 11 Monthly distribution of storms (upper panel), storm duration
probability distribution (central panel), and duration cumulative
probability (lower panel) for the whole analyzed period. It is noticeable

that more than 70% of occurrences have been concentrated between
September and October, and the duration of storms is predominantly
short in time, with 72.5% of the storms shorter than 6 h
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Fig. 12 Mean peak period (left panel), mean HmO (central panel, black
circles), and mean maxima waves (right panel, black circles), in relation
to mean peak direction for each sea storm. Gray squares in central and

10 h. Mean HmO was 3.06 m while mean Hmax was 4.53 m.
Average peak direction was 115° and Tp ranged from 7.1 to
8.7 s.

3.4 Rogue waves

Rogue waves (RWs) are those with individual height greater
than twice significant wave height of a record as defined by
Dean (1990). They can appear in any sea state, wind sea or
swell, shallow or deep water.

During the measurement period, 37 rogue waves
were recorded. Figure 14 shows abnormality index time
series, and rogue waves are those represented above the
dashed line, marked with a gray circle. Visually, RWs

Peak Direction (°)

Peak Direction (°)

right panels represent the same relation to maxima values of each storm.
The predominance of the storms with southeast mean direction is clear

seem to be more frequent between May and October,
when wave peak direction starts trending to SE, and
there is at least one RW for month, except in October
and December (Table 3). However, as shown in
Fig. 15a—d, the distribution of AI with other wave pa-
rameters presents no clear pattern, except that FW
tended to occur when mean direction lies between NE
and SE.

Rogue wave height varied from 2.51 m (AI=2.04) to
5.87 (Al=2.22). Maximum Al was registered in April
15, 2017 07:00 GMT, with Hmax=4.22 m and Hs=
1.83 m, resulting in AI=2.31. Directional spectrum of
this record shows a wide frequency band, composed by
a swell with peak period 14.3 s, from 60°, associated to

Fig. 13 Northern storm with 2
records above Hcrit separated for
less than 12 h. All points below
the critical limit and between
these two records were also
considered as part of the same
storm

HmO (m)

Herit

1 L 1 I |
20 00:00 2003:00 20 06:00 20 09:00 20 12:00 20 15:00 20 18:00 202

@ Springer

! L
1:00 2100:00 2103:00 2106:00 2109:00 21 12:00

April 2017



Ocean Dynamics (2019) 69:1239-1251

1249

Fig. 14 Abnormality index time
series for the whole period. Rogue
waves lie above dashed line and
are marked with a gray circle

© N
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a southeastern wind sea with periods ranging from
about 5 to 7 s. The highest RW was also the highest
individual wave measured during the whole period. It
was associated to Hm0=2.65 m, mean direction of
109°, and Tp=7.7 s, characterizing a typical sea state
generated by SE trade winds.

4 Conclusions
Even though the analyzed time series was short for an

accurate estimate of wave climate, the lack of continu-
ous measurement in the region and the deep-water

| | |
Apr/17 Aug/17 Oct/17

Jun/17
Time

location of the buoy highlight its relevant to the knowl-
edge of wave charcateristics in the South Atlantic
Ocean.

In the analyzed period, waves off the Ceard coast
showed a well marked seasonal behavior. From June
to November, southeastern waves related to southeastern
trade wind intensification are dominant. From December
to May, the main waves came from northeast and north.
Locally generated wind sea is present during the whole
year, with characteristic short period, widely spread di-
rection, and low height.

Mean significant wave height was 1.78+0.39 m,
with maximum value of 3.61 m. It is low if compared
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Fig. 15 Abnormality Index (AI) relation with Hs (a), Hmax (b), mean direction (c), and peak period (d) dispersion graphics for all the rogue waves
detected. As can be seen, there is no striking pattern in the relationships between the parameters
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to the Brazilian south coast, estimated as Hm0~2.20 m,
but is close to the average HmO determined for
Brazilian southeast region, around 1.90 m (Candella
2016). This result does not agree with those previously
obtained by Silva et al. (2011), who found 1.35 m,
1.33 m, and 2.08 m for 1997, 2000, and 2001,
respectively.

Hmax mean value was 2.71 £ 0.66 m, with extreme value
5.87 m. Again, it does not concur with Silva et al. (2011), but
their Hmax results seemed to be strongly contaminated by
spikes.

Range of peak period varied from 3.3 to 22.2 s. Shorter
periods are related to localy generated wind sea, while Tp
between 5 and 10 s is linked to southeastern waves. Waves
with period longer than 8 s are associated to north and north-
east direction. Half of the records showed Tp shorter than 6 s,
75% of them were shorter than 10 s, and 99% of the peak
periods were shorter than 17 s.

Under non-rare conditions, long-distance generated swell
with north direction may be high enough to cause severe dam-
age to coastal structures, which has been constantly reported
by Brazilian media. On some occasions within the measure-
ment period, its significant wave height was more than 3 stan-
dard deviations above the HmO average. These waves always
arrive in a dispersive way, with initial long periods.

Wave storms in the area have generally short duration, and
almost all of them were shorther than 12 h. They tend to
concentrate on September and October, with 37 of the 40
storms coming from the SE, and only on three occasions they
had the north direction.

A low number of rogue waves could be identified in the
records. Only 37 events were found in 8760 records, which
leads to an occurrence of 0.4%. It is much smaller than that
found in the south and southeast regions of Brazil (Candella
2016). However, all rogue waves found in the time series were
higher than 2.5 m, and the highest rogue wave identified was
also the highest of all waves measured throughout the period.
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Appendix. Northern storms in Brazilian
media.

01/03/2018.
http://gl.globo.com/ceara/cetv-2dicao/videos/v/ressaca-
do-mar-causa-estragos-no-litoral-cearense/6543824/
31/03/2017.
http://gl.globo.com/ceara/cetv-2dicao/videos/v/com-
ressaca-do-mar-ondas-no-litoral-de-fortaleza-chegam-a-25-
metros/5768755/
06/08/2013.
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http://g1.globo.com/ceara/bom-dia-ce/videos/v/veja-
como-esta-a-ressaca-do-mar-em-fortaleza/2738415/

24/03/2013.

https://extra.globo.com/noticias/brasil/ressaca-causa-
destruicao-em-fernando-de-noronha-no-ceara-483262.html
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