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Analysis of the influence of ENSO phenomena
on wave climate on the central coastal zone of Rio de Janeiro (Brazil)

Nair Emmanuela da Silveira Pereira® ?; Leonardo Azevedo Klumb-Oliveira®

Abstract

This paper evaluates the influence of the El Nifio — Southern Oscillation on the wave climate variability in the central region of
Rio de Janeiro’s coastal zone. The regional climate of the area was characterized using the WAVEWATCH III wave data
model, obtained from NOAA, organized as a 35 year time series (1979-2013). These data were validated for the study area and
a characterization and analysis performed by focusing on years with occurrence of strong El Nifio/La Nifia events. The correla-
tion between the interannual variability of significant wave height and Oceanic Niflo Index showed a slight reduction in sig-
nificant wave height during El Niflo years and the opposite pattern during La Nifia years, with a lag of four months. This de-
crease could be attributed to the intensification of the South Atlantic High with a corresponding increase in the occurrence of
subtropical jets during periods of El Nifio. This weather change causes the blocking of cold fronts in the southern region of
Brazil and the consequent reduction in the percentage of waves from the south along the southeast coast.

Keywords: climate variability, wave parameters, interannual time scale, seasonality, regional climatology

Resumo

Analise da influéncia de fendmenos ENOS no clima de ondas da por¢ao central da zona costeira do Rio de Janeiro
(Brasil)

Este artigo busca avaliar a influéncia do fendmeno El Nifio - Oscilagdo Sul na variabilidade do clima de ondas da porgdo cen-
tral da zona costeira do Rio de Janeiro. Para tanto, a climatologia regional da area foi caracterizada a partir de dados de ondas
do modelo WAVEWATCH III disponibilizado pela NOAA, organizados numa série temporal de 35 anos (1979 - 2013). Esses
dados foram validados para a area de estudo e, realizada sua caracterizagdo e analise com enfoque em anos de acentuada ocor-
réncia de eventos de El Nifio/La Nina. A correlagdo da variabilidade interanual da série de altura significativa de ondas e indi-
ce de Nifio Oceanico mostrou padrdo de leve redugdo das alturas significativas em anos de El Nifio e, o inverso para anos de
La Nifla, com defasagem temporal de quatro meses na regido. Essa reducdo na altura significativa das ondas pode ser atribuida
a intensificacdo da Alta Subtropical do Atlantico Sul e aumento na ocorréncia de jatos subtropicais nos periodos de El Nifio.
Essa alteracdo no padrdo meteoroldgico causa o bloqueio de frentes frias na regido Sul do Brasil e consequente reducdo da
porcentagem de ondas de sul na regido sudeste.

Palavras-chave: variagdo climatica, parametros de onda, escala interanual, sazonalidade, climatologia regional
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1. Introduciao

The El Nifio — Southern Oscillation (ENSO) is the
dominant mode in ocean-atmosphere coupling variabil-
ity on interannual time scales (Trenberth & Stepaniak,
2001). The El Nifio is characterized as an abnormal
warming in the sea surface that occurs during some
years in the coastal zone of Peru and Colombia, chang-
ing the pattern of the climate systems on both local and
regional levels (Trenberth, 1997). The La Nifia is the
opposite phase of the El Nifio, characterized as an ab-
normal cooling in the surface water.

Although the El Nifio is a regional phenomenon in the
Pacific region, the climatic anomalies associated with
ENSO are nearly global in extent and have a highly
persistent nature (Kousky et al,, 1984). The ENSO at-
mospheric component, the “Southern Oscillation”, cor-
responds to a zonal balance in the large scale air masses
with a direct response in the variability of the atmos-
pheric pressure (Aragdo, 1998).

Knowledge of environmental conditions has fundamen-
tal importance for oceanic engineering (Souza &
Ribeiro, 1988). As an example, beach morphology is
dependent on the combined actions of local environ-
mental conditions, sediment type and the previous wave
behavior (Komar, 1976; Short, 1999; Muehe, 2011).
Knowledge of the regional wave climate, in conjunction
with that of morphological processes in the coastal
zone, strengthens coastal management studies and the
implementation of engineering structures at the coast
(Pianca et al., 2010).

Comprehending the relationship between ENSO events
and changes in environmental parameters has numerous
applications, such as the evaluation of the energetic
potential of winds and waves in the coastal zone and in
coastal management to support public policies. In a
study of the energy potential of wind in the state of
Ceara (Brazil), Aratijo Junior et al. (2014) verified that
conditions to generate wind energy were better during
the 1997-1998 El Nino period than during the La Nifia
event of 1998-1999, principally on the coast.

Impact studies of El Nifio/La Nifia events on regional
climates can provide improvements to climate predic-
tion techniques to support public policies. Changnon
(1999) studied the impact of the 1997-1998 El Nifio
event on the economy and loss of life in the United
States, using the state of California as an example. An
analysis of ENSO predictions and ENSO’s economic
and social effects led the government of California to
conduct impact reduction efforts, which decreased sub-
sequent economic and human losses.

As yet, Brazil is still lagging studies that identify wave
patterns during El Nifio periods, and, as a consequence,
also lacks the public policies regarding coastal man-
agement and coastal hazards that relate to those events.

Accordingly, this work aims to characterize the regional
wave climate of the central coastal zone of Rio de Ja-
neiro through the analysis of a global wave model and
the evaluation of apparent changes in the patterns of
this data on an interannual time scale, focusing on sev-
eral years during which El Nifio and La Nifia events
occurred.

2. Methodology
2.1. Study area

The central area of the coastal zone of Rio de Janeiro
used in this study is comprised of the waters from the
continental slope to the coastal waters near the shore-
line (Figure 1).

The wave climate for this region is that of predomi-
nantly “good weather” conditions with NE winds and a
presence of storm waves mainly from the South Atlan-
tic High (SAH) associated with frontal systems from
the east-southeast (Silva et al., 2009).

Observations indicate that the mean wave height varies
between 1.6 to 2.0 m during the “good weather” condi-
tions. Waves with height greater than 3.0 m frequently
come from the S and SW quadrants (Bastos & Silva,
2000). Waves from the NE and E are low energy but
the most frequent, based on a comparison of the wave
energy distribution by incidence direction (Muehe &
Corréa, 1989). According to Diretoria de Hidrografia e
Navegacdo (DHN/Navy of Brazil), the tidal variation
ranges from 1.3 m at spring tides to 0.3 m at neap tides.

2.2. Data set

To determine the wave climate during El Nifio/La Nifia
event along the Rio de Janeiro coast, simulation data
was obtained from the WAVEWATCH III wave model,
available from the National Oceanic and Atmospheric
Administration (NOAA), with a global spatial resolu-
tion of 0.5° and 3 h temporal resolution (NOAA
WAVEWATCH III - NWW3).

Two versions of the model dataset were used. The first
was a reanalysis of historical waves hindcast using
WAVEWATCH III, version 2.22 (Tolman, 2002) for
the period from January 2010 to December 2013. The
second was a reanalysis of waves hindcast using
WAVEWATCH III, version 3.14 (Tolman, 2009) with
input data from the Climate Forecast System Reanalysis
Reforecast (CFSRR) wind reanalysis (Spindler et al.,
2011), obtained from the National Center for Environ-
mental Prediction (NCEP) from January 1979 to De-
cember 2009 (Chawla et al., 2012, 2011).

From this data, the variables used were significant wave
height, peak period and peak direction (ranging from 0
to 360°, where 0 represents waves from the north)
which were extracted for the total period from January
1979 to December 2013 (35 years). To represent the
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Figure 1 - Study area used in the wave climate analysis, shown using bathymetry from TOPEX/POSEIDON
(Becker et al. 2009) near Cabo Frio, on coastal region of Rio de Janeiro, Brazil. The black dots represent the
spatial resolution of NOAA WAVEWATCH III model data.

Figura 1 - Area de estudo utilizada na andlise do clima de ondas, demonstrada por batimetria TO-
PEX/POSEIDON (Becker et al. 2009) proximo a Cabo Frio, na regido costeira do Rio de Janeiro, Brasil. Os
pontos em preto representam a resolugdo espacial dos dados do modelo NOAA WAVEWATCH II1.

central coastal region of Rio de Janeiro, near the city of
Cabo Frio, the area was defined as between 22.5 - 23.5°S
and 42.5 - 41.5° W (Figure 1).

The Oceanic Nifio Index (ONI) series used are available
from NOAA’s Climate Prediction Center (Figure 2).
This index was calculated as a 3 month moving average
of the temperature anomaly over the period under
analysis using the Extended Reconstructed Sea Surface
Temperature - ERSST.v3b dataset (Smith et al., 2008)
for the Nifio 3.4 region (5° N — 5°S, 120° W — 170° W).
According to Larkin & Harrison (2005), NOAA defines
El Nifio events as periods of three consecutive months
with an ONI that exceeds 0.5°C, while La Nifa events
are identified for an ONI below -0.5°C.

From this index, we selected the years 1997 and 1998,
which represented the beginning and the end, respec-
tively, of the strongest El Nifio period of the 20th Cen-
tury (Wolter & Timlin, 1998). We also selected the year
2000, a representative year within a long period of La
Nifia (from 1998 to 2001) that occurred after the 1997-
1998 El Nifo, classified as a moderate to intense event
(Shabbar & Yu, 2009). For a more significant represen-
tation of the mean pattern in El Nifio/La Nifa years, the

years with major temporal persistence of the phenom-
ena were chosen (1983, 1987, 1992, 1997 and 2003 for
El Nifio years and 1988, 2000 and 2008 for La Niia
years).

For the correct application of the model’s data, ade-
quate validation is necessary. Data validation of
NWW3 was performed using a statistical comparison to
data from a stationary meteo-oceanographic buoy using
a period from July 17 to December 31, 2013. This buoy
from the Instituto de Estudos do Mar Almirante Paulo
Moreira (IEAPM/Navy of Brazil) is part of the SIO-
DOC project (Sistema Integrado de Obtencao de Dados
Oceanograficos) and is located at 22°59.62° S — 42°
11.65” W. The resolution of the data was in 1 hour time
intervals and is available at http://metocean.fugrogeos.
com/marinha/ .

2.3. Statistical treatment and model validation

For many applications, a time series can be considered
as a linear combination of periodic or quasi-periodic
components (with fixed amplitudes and phases) on
which a tendency and high frequency noise are super-
posed (Emery & Thomson, 2001). Fourier analysis
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Figure 2 - Temporal variability of the Oceanic Nifio Index for the period from Jan 1979 to Dec 2013, with the occurrences of
El Nifio periods presented in red and La Nifia events in blue. This monthly index considers the 3 month averages of the
ERSST.v3b sea surface temperature anomaly Data source: http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ en-

soyears.shtml.

Figura 2 - Variabilidade temporal do Indice de Nifio Ocednico para o periodo de Janeiro de 1979 a Dezembro de 2013, com a
ocorréncia de periodos de El Nifio representados em vermelho e, os eventos de La Nifia em azul. Esse indice mensal con-

sidera a média de 3 meses da anomalia de temperatura do mar em superficie do ERSST.v3b Fonte dos dados
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml.

thereby considers as a basic premise that the time series
can be reproduced as a sum of wave signals (sines and
cosines) with the mean value of the series. The time
series was decomposed to observe the individual signa-
ture of each wave signal. To calculate the significance
of the power spectrum’s peaks, the red noise was com-
puted based on a first order autoregression process
(Zhang & Moore, 2011). Peaks in the time series’
power spectrum that are above the red noise’s Fourier
spectrum have a 95% confidence level.

For the statistical analysis, the time scale of the buoy
data was reduced to obtain 3 hour means. A spectral
filter was used to identify and remove high frequency
signals. The high frequency noise can be related to a
series of factors, such as characteristics of the equip-
ment used. The significant wave height and peak period
were chosen for analysis from the buoy data because
the peak direction data was not available for the buoy
dataset. The NWW3 model data used to compare with
the buoy data uses the point 23° S — 42° W, which was
the closest to the point where the buoy was anchored.

The mean and standard deviation were calculated for
each variable over the analysis period. The correlation
coefficient is used to determine how well two (or more)
variables co-vary in time (or space) (Emery & Thom-
son, 2001). Considering two distinct series varying in
time, the linear correlation coefficient can be calculated
considering its displacement in time, referred to as cross
correlation.

This coefficient suggests the linear dependency of the
compared data because the values indicate their degree
of dispersion around the adjustment function (linear
regression). It functions as a quantifier of the intensity

and direction of this linear relationship (Chen et al,
2013). The values of this parameter oscillate between 1
and -1, where values near zero indicate that the vari-
ables are not related. High positive values indicate that
the variables exhibit similar behavior, while high nega-
tive values indicate an inverse relationship in the behav-
ior of the variables.

Considering an analysis focused on interannual vari-
ability, a statistical treatment was applied to the time
series of the wave parameters to remove the seasonal
signature and calculate cross correlations between the
wave parameters and the ONI. The “climatology”
method was used, which consisted of subtracting the
monthly climatology from the 35 years of the series that
had previously been reduced to monthly time steps. A 3
months running mean was then applied. This is the
same methodology used to obtain the ONI data (Doug-
lass, 2011). The objective of this filtering was to re-
move characteristic oscillations due to seasonality and
other events with high frequency such as frontal system
passages.

Verification that both variables are related can be ob-
tained from the empirical evidence that there is a corre-
spondence in the patterns of those variables higher than
expected than if using random data (Orcutt & James,
1948). To test the significance of the correlations be-
tween wave parameters and the ONI, random series
were generated from each of the original series. These
were correlated, forming a population of correlations
comprising a total of 10,000 samples.

The probability of a random variable showing a deter-
mined value is represented by the Cumulative Distribu-
tion Function (CDF). A non-parametric estimate was
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used to adjust the CDF by determining an empirical
(ECDF), thus without use of a theoretical model with a
specific distribution.

In this study, the Kaplan-Meier estimator was used to
estimate the CDF (Kaplan & Meier, 1958; Lawless,
2002) as an empirical function, considering a test for
full population (N = 10,000) and another for a subset of
that population (N = 200). For comparison with the
empirical method, an adjustment of the theoretical CDF
of the resultant population distribution using a normal
function (Gaussian) was selected.

For the validation of NWW3 data with the buoy data
and the comparison between theoretical and empirical
CDFs, the mean absolute error (MAE) and relative
(RMAE) were also calculated. The RMAE is the MAE
normalized using the average values of the buoy data to
obtain the proportion of the model error to the mean
value observed in nature. The MAE is one of the best
parameter choices to quantify the average error, using
the magnitude of the absolute difference between the
modeled and observed data at each point of time series
(Willmott, 1982; Willmott & Matsuura, 2005). For this
parameter, zero represents the perfect adjustment be-
tween modeled and observed data.

As part of the NWW3 validation, a parameter proposed
by Willmott (1981) was also calculated. A parameter

value of 1 is a perfect fit between the results obtained
by the model and those observed, while 0 represents a
complete mismatch. Although the correlation indicates
the interdependence of the series (the degree of disper-
sion of the series considering a linear adjustment), the
Willmott parameter is indicative of the similarity in the
compared data, related to the remoteness of the esti-
mated values observed in both series (Chen et al,
2013).

3. Results and discussion

3.1. NWW3 data validation

The following image (Figure 3) shows the significant
wave height and peak period data of NWW3 contrasted
with buoy data acquired near Arraial do Cabo, before
and after receiving spectral treatment. If the high fre-
quency spectrum was removed from the data, it did not
change the overall behavior of the curve, but did elimi-
nate the high frequency noise in the original data. Thus,
there is a reduction of the standard deviation of the
filtered data values from the original, and a slight at-
tenuation of extreme events.

It is remarkable that the modeled data show an overall
behavior similar to data found in the environment. The
linear correlation index calculated for the buoy data
after spectral filtering was approximately 0.80 for the

Figure 3 - Comparison between the original wave data from the buoy, where can be observed the same data before and after
filtering and, the NWW3 data. The statistical parameters referring to the comparison between buoy data after filtering and
NWW3 data are presented for: (a) significant wave height and; (b) peak period.

Figura 3 - Comparacgdo entre os dados de onda originais provenientes da boia, onde podem-se observar os mesmos dados
antes e depois da filtragem e, o dado do NWW3. Os pardmetros estatisticos referentes a comparag¢do entre os dados de
boia apos filtragem e os dados o NWW3 sdo apresentados para: (a) altura significativa da onda e; (b) periodo de pico.
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significant wave height and 0.75 for the peak period.
The Willmott parameter values were 0.95 for signifi-
cant wave height and 0.92 for the peak period.

In this context, no reference values have been estab-
lished for the Wilmott parameter, but it is generally
accepted that values around 0.5 indicate that the model
reproduces about half of the observed variance (Hetland
& Dimarco, 2012). Chen et al. (2013) consider an indi-
cation of good accuracy to be correlation values greater
than 0.77 and the Willmott parameter above 0.70. The
high values for both parameters indicate that in addition
to showing a similar oscillation pattern, the data sets
show a strong fit, which demonstrates that the differ-
ence between each pair of points for this series is simi-
lar for the entire set of series.

On first examination, observing the average values of
the series for both the model and buoy data, a notable
overestimation by the model is evident. The mean mod-
eled significant wave height is approximately 0.47 m
higher in comparison to the values given by the buoy.
The same occurs for peak period, but with a smaller
difference, with an average of 0.16 s greater for the
model than for the buoy. For either the significant wave
height or the peak period, the differences between the
sampled and modeled mean values lie within the stan-
dard deviation range.

The average error, which quantifies the mean difference
between the model values in comparison to the ob-
served data from the buoy, was approximately 0.51 m
for significant wave height (35.69% error), while for
the peak period this value was 0.99 s (10.26% error). A
comparison between observed data and NWW3 near the
Florianopolis region by Pianca et al. (2010) confirms
the similarity between model and environment, showing
the same pattern of model’s overestimation for the sig-
nificant wave height data.

Hanson et al. (2009) reviewing NWW3 performance in
the Pacific Ocean also found a remarkable correlation
with observational data, greater than 0.78 for wave
height and 0.88 for the period. That study found a
maximum error of 0.5 m in wave height that is associ-
ated with the use of the hindcast altimetry data, which
tends to overestimate wave height values. Rogers et al.
(2012) found a 10% overestimation in the referred data.

For both variables in the NWW3 data we can observe
that the first two weeks of November presented a con-
stant value, differently of the buoy data. This can repre-
sent many types of errors, probably related to the data
assimilated by the model in the reanalysis process. The
period occurs after high values of significant wave
height and peak period, which can suggest the approxi-
mation of a cold front passage in the study area both in
the beginning and the middle of the period. These con-
secutive passages of cold fronts can promote cloud

cover persistence, which prevents data collection via
remote sensing.

The validation authenticates the use of these data for
environmental studies. However, although validated for
the North and Tropical Atlantic, models on a global
scale such as this need further comparison with data
collected in the vicinity of the south and southeast Bra-
zilian Continental Shelf. Data sets such as NWW3 for-
merly had a significant discrepancy in the Southern
Hemisphere, particularly as a consequence of few
measurements in situ in these regions (Caires et al,
2004). This type of validation would improve models
with global resolution in the South Atlantic region.

3.2. Wave climate characterization

Starting from the analysis of time series for wave pa-
rameters in the region (see Supporting Information I), it
can be seen that the significant wave height for the
study area has an average of approximately
1.80+0.51 m, with marked seasonality that results in an
average oscillation limited by the standard deviation.
This same seasonal pattern is observed for both the
peak direction (147.42+43.52°) and peak period
(9.80£2.255).

In this context, the months of May and September ex-
hibited a pattern of higher significant heights predomi-
nantly from the South quadrant, with long periods
(around 13 s). In contrast, the austral summer is charac-
terized by lower significant wave heights predomi-
nantly from the East with shorter periods (around 7.5 s).
Figures 4a, 4b and 4c show that significant wave height
varies between 1 and 4 m for the majority of the values,
with the highest concentration of values around the
average. The peak period shows the same pattern, with
samples concentrated between 5 and 15s and a pre-
dominance of samples around the average value. The
peak direction ranges from 50° to 220° and presents a
bimodal pattern, with one mode centered at 90° and
another around 180°.

The monthly climatology of wave parameters (Figures
4d, 4e and 4f) show that the maximum average values
for significant wave height occur at the end of the aus-
tral winter (with average values of approximately
2.0 m) and the minimum in late summer (with average
values of 1.6 m). Unlike significant wave height, the
direction and peak period have maximum average val-
ues in late autumn (with average values around 10.5 s -
SSE) and their minimum in the middle of summer (with
average values around 8.5 S-SE). The maximum values
for these variables preceded the maximum values of
significant wave height.

Surface gravity waves can be categorized into two
types. The first type, "wind sea" waves, have periods of
less than 10 s with an irregular appearance and short
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Figure 4 - Histogram referencing the time series data of significant wave height (a), peak direction (b) and peak period (c) for
the period from Jan 1979 to Dec 2013 and considering a sample size of 102,272 points. The monthly climatology for the
same period is shown for the same parameters in (d), (e) and (f), respectively.

Figura 4 - Histograma referente aos dados de série temporal de altura significativa da onda (a), dire¢do de pico (b) e periodo
de pico (c) para o periodo de Janeiro de 1979 a Dezembro de 2013 e, considerando um tamanho amostral de 102272 pon-
tos. A climatologia mensal para o mesmo periodo é apresentada para os mesmos parametros em (d), (e) e (f), respectiva-

mente.

wave lengths, and are generated by local winds. The
second type are "swell" waves, which have periods
between 10 and 20 s, characteristic long wave lengths
and an almost sinusoidal form, present far from their
generation area (Holthuijsen, 2007; Laing, 1998).

The wave regime in this region is controlled by the
South Atlantic High and the passage of cold fronts
(Pianca et al., 2010). Thus, with respect to the region
under consideration, the first mode (NE-SE) is charac-
terized as waves associated with the South Atlantic
Anticyclone as a result of the downward arm of the
Hadley cell (Campos, 2009) which promotes moderate
winds. The associated "good weather" waves have a
low peak period (up to 7.5 s). The second mode (S-SW)
is associated with the migration of polar air masses
forming cold fronts in the region; these waves present
peak periods between 11 and 15 s and carry more en-
ergy, noted by Muehe & Corréa (1989), Pianca et al.
(2010) and Souza & Ribeiro (1988).

The directional histograms for significant wave height
and peak period (Figure 5) distinctly show the same
general pattern. The highest concentration of waves is
from the quadrant between the NE and SW. The highest
significant wave height values are concentrated be-
tween the SE and SW, with predominant periods longer
than 10s. The waves with shortest periods (less than
10 s) originated from the direction between NE and SE
were the minor percentage of the total These two pat-
terns of waves represent the two distinct types of wave
characterized by Souza & Ribeiro (1988). As seen in
these data, Bastos & Silva (2000) similarly observed
that for the region, the occurrence of waves higher than
3.0 m most often originates in the S and SW.

Figure 6 shows climatological directional histograms
observed for the four seasons of the year, in which all
seasons maintain the mean pattern of having greater
significant wave heights and peak periods from the S.
In the austral summer, the waves appear to be distrib-
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Figure 5 - Directional histograms of wave climatology for the
period from Jan 1979 to Dec 2013 in 15° intervals, show-
ing: (a) the significant wave height and; (b) the respective
peak period.

Figura 5 - Histogramas direcionais da climatologia de ondas
para o periodo de Janeiro de 1979 a Dezembro de 2013,
em intervalos de 150, mostrando em: (a) altura significa-
tiva de onda e, (b) respectivo periodo de pico.

uted in a uniform pattern from the E to S quadrants,
while in autumn, a higher concentration of wave sam-
ples originates from the S and SW, presenting a nearly
unimodal pattern. This pattern is repeated in the winter
with a greater occurrence of waves from the E. It re-
turns to a more homogeneous pattern in the spring,
however, with a larger signature of S-SW waves and
higher rates of waves with over 1.8 m heights. This
pattern is similar to that verified by Pianca et al. (2010)
for the Brazilian southeast region.

Concurring with our findings, in a wave climatology
study from 1991 to 1995, Vale (2012) observed that the

greatest percentage of extreme events of NE waves in
the Campos Basin region occurred during the austral
summer and had a lower incidence in the fall.

3.3. Interannual variability and El Nifio interference
in regional climatology

We can observe in Figure 7, that the periods of 1 and
1.5 years are detached in the Fourier’s spectrum from
the time series of the three wave parameters under
analysis, as discussed previously. The seasonality and
other signals with high frequencies observed in this
time series masked the observation of interannual vari-
ability.

We show, in Figure 8, the frequency spectrum related to
the ONI for the period 1979 to 2013 with the same
wave data after statistical treatment to remove seasonal-
ity. The highest spectral power values refer to frequen-
cies lower than 1 cycle by year (c.b.y). It is remarkable
that after statistical treatment to remove seasonality, the
wave data showed greater emphasis on low frequency
signals without significantly changing the default signa-
ture. However, the high frequencies were still very
prominent. This noise should have a negative influence
on the correlations between these data and the ONI.

Comparing the ONI and the significant wave height
after removal of seasonality no clear correlation is ap-
parent between all the datasets for the three parameters,
which is confirmed by the low linear correlation values
shown (see Supporting Information II). However, ac-
cording to Trenberth & Stepaniak (2001), the definition
of El Nifio indices (which use anomaly temperatures in
the Pacific to identify the El Nifio and La Nifia periods)
do not permit the discrimination of the characteristics of
its effects in other regions; this causes difficulty in
mapping a relationship between this index and the vari-
ability of some parameters on the Brazilian coast.

Examining cross-correlations between series for pa-
rameters concerning the wave and the ONI (Figure 9),
the highest correlation coefficient was observed for the
significant wave height parameter, approximately -0.19,
with a time delay of four months. This delay suggests
that the most likely correlation occurs with a 4-month
response lag. The peak direction showed a negative
correlation of approximately -0.14, with a lag of 8
months. The peak period, however, showed a positive
correlation of 0.11 with zero lag. These correlation
values, although apparently small, are above the mini-
mum level of significance, even when using tests with a
reduced N sample size (Figure 10). We need to consider
the signature of the high frequency in wave parameters’
data, which can reduce comparison of these two
datasets.

This data indicates that in El Nifio years (positive ONI),
there would be a slight reduction in significant wave
heights in the coastal region of Rio de Janeiro, with a
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Figure 6 - Directional histograms of wave climatology for the period from Jan 1979 to Dec 2013, in 15° intervals. The signifi-
cant wave height and peak periods, respectively, are presented for austral seasons of : (a) and (b) - summer (DJF); (c) and
(d) - autumn (MAM); (e) and (f) - winter (JJA) and ; (g) and (h) - spring (SON).

Figura 6 - Histogramas direcionais da climatologia de ondas para o periodo de Janeiro de 1979 a Dezembro de 2013, em
intervalos de 15°. A altura significativa das ondas e periodos de pico, respectivamente, sdo apresentados para as estagoes
do ano no hemisfério sul: (a) e (b) — verdao (DJF); (c) e (d) — outono (MAM); (e) e (f) — inverno (JJA) e; (g) e (h) — prima-
vera (SON).
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Figure 7 - Frequency Spectrum referring to the significant wave height (a), peak direction (b) and peak period data (c) for the
period from Jan 1979 to Dec 2013. The red noise spectrum represents a 95% confidence level and the units of frequency

are presented in cycles by year (c.b.y.).

Figura 7 - Espectro de frequéncias referente aos dados de altura de onda significativa (a), dire¢do de pico (b) e periodo de
pico (c) para o periodo de Janeiro de 1979 a Dezembro de 2013. O espectro do “ruido vermelho” representa num nivel de
confianca de 95% e, as unidades de frequéncia sdao apresentadas em ciclos por ano (c.b.y. — sigla em inglés).

delay of 4 months from the peak of the El Nifio in Pa-
cific waters. A study by Enfield & Mayer (1997)
showed a correlation of -0.3 with a gap of 4 months
between the temperature anomalies in the surface sea
water in the South Atlantic and the Pacific surface tem-
perature index, an index similar to the NINO3 index
that is often used in studies of ENSO cycles (Enfield &
Mayer, 1997). In the same study, the wind data pre-
ceded the response by two months, the time expected
for variations in atmospheric patterns to be reflected in
the surface of the sea.

After presuming that there was no strong correlation
between the ONI and the other wave parameters, we

chose to observe the wave pattern for each season of the
year according to the index shown in Figure 2, consid-
ering years with significant El Nifio and La Nifa
events. These data were compared for a more detailed
observation of differences during ENSO periods using
the climate pattern shown in the 31 year series of wave
behavior data and focusing on the differences in the
seasonality of these parameters.

The beginning of an El Nifio period, 1997, was exam-
ined to compare its wave pattern (see Supporting In-
formation III) to the wave climatology (Figure 6). In the
summer, a smaller percentage of incident waves with
more than 1.8 m in height were observed, along with a

362



Revista de Gestdo Costeira Integrada / Journal of Integrated Coastal Zone Management, 15(3):353-370 (2015)

Figure 8 - Frequency Spectrum referring to the Oceanic Nifio Index (a) and the wave parameters after removing seasonality for
the period from Jan 1979 to Dec 2013, being: (b) significant wave height; (c) peak direction and; (d) peak period data. The
red nose spectrum represents a 95% confidence level and the units of frequency are presented in cycles by year (c.b.y.).

Figura 8 - Espectro de frequéncias referente aos dados de Indice de Nifio Ocednico (a) e os pardmetros de onda apés remo-
¢do da sazonalidade para o periodo de Janeiro de 1979 a Dezembro de 2013, sendo: (b) onda significativa; (c) direg¢do de
pico e, (d) periodo de pico. O espectro do “ruido vermelho” representa num nivel de confianca de 95% e, as unidades de
frequéncia sdo apresentadas em ciclos por ano (c.b.y. — sigla em inglés).

Figure 9 - Cross-correlation between the Oceanic Nifio Index and time series for: (a) significant wave height; (b) peak direc-
tion; (c) peak period.
Figura 9 - Correlagio cruzada entre o Indice de Nifio Ocednico e as series temporais para: (a) altura significativa de onda;
(b) diregdo de pico e; (c) periodo de pico.
363



Pereira & Klumb-Oliveira (2015)

Figure 10 - Comparison of theoretical and empirical Cumulative Distribution Functions (CDF and ECDF) to a sample popula-
tion of correlations between Oceanic Nifio Index and time series of wave parameters, considering tests with N = 1,000 (a),

(b) and (¢) and N =200 (d), (e) and (f).

Figura 10 - Comparagdo entre as Fungées de Distribui¢do Cumulativa teoricas (CDF — sigla em inglés) e empiricas (ECDF)
para uma populacdo amostral de correlagoes entre o Indice de Nifio Ocednico e as séries temporais para os parametros
de onda, considerando teste com N = 1000 (a), (b) e (c), e N =200 (d), (e) e (.

higher concentration of waves from the E-NE. In
autumn, the pattern remained similar to the general
climatology, while in winter a clear reduction in the
percentage of waves from S-SW was noted. These
waves returned to intensify in the spring, exceeding the
percentages present in the general climatology for the
period 1979-2013.

For the El Nifio year 1998 (see Supporting Information
1V), which comprises the end of the same El Nifio event
referenced above, the wave pattern showed a similar
pattern to that of 1997 throughout the year, except dur-
ing winter and spring. The winter period showed a high
incidence of waves from the E with low values for the
significant wave height and peak period, while a higher
occurrence of waves from the SE was observed in the
spring.

For the La Nifa year 2000 (see Supporting Information
V), a higher percentage of E-NE waves was observed in
summer if compared to the general climatology, as was
observed in El Nifio events. A reduction in the occur-
rence of S-SW waves was observed during the autumn

and an increase in winter. During the spring, an increase
in the percentage of E-NE waves was noted.

Thus, in general, the reduction of the average of signifi-
cant wave height in El Nifio years shown in the cross-
correlation data is seen most clearly with respect to
reducing the percentage of incident waves from the
SSE-SSW during the winter period in those years. The
reverse is true in La Nifia years. Also observed in El
Nifio events is an increase in the percentage of waves
coming from ENE in summer and autumn, while in the
spring season, La Nifia corresponds with an increase of
ENE-ESE waves and decrease in SSE-SSW related to
the El Nifio.

Examining the mean pattern of the years’ compositions
with the occurrence of the most persistent El Nifio and
La Nifa events (Figures 11 and 12, respectively), we
observed a general pattern very similar to that observed
in the seasonal climatology of the 35 years (Figure 6)
for all seasons. It is evident, however, that a slight de-
crease in SSE-SSW wave percentages occurs during the
winter in El Nifio years, while La Nifia years have slight
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Figure 11 - Directional histogram for wave data for the most persistent El Nifio years (1983, 1987, 1992, 1997 and 2003) pre-
sented with significant wave height and its period, respectively, for Austral seasons: (a) and (b) - summer (DJF); (¢) and (d)
- autumn (MAM); (e) and (f) - winter (JJA); and (g) and (h) - spring (SON).

Figura 11 - Histogramas direcionais dos dados de onda para o os anos de El Nifio mais persistente (1983, 1987, 1992, 1997 e

2003) apresentando a altura significativa de onda e seu periodo de pico, respectivamente, para as esta¢oes do ano no he-
misfério sul: (a) e (b) — verdo (DJF), (c) e (d) — outono (MAM), (e) e (f) — inverno (JJA) e; (g) e (h) — primavera (SON).
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Figure 12 - Directional histogram for wave data for the most persistent La Nifia years (1988, 2000 and 2008) presented with
significant wave height and its period, respectively, for Austral seasons: (a) and (b) - summer (DJF); (¢) and (d) - autumn
(MAM); (e) and (f) - winter (JJA); and (g) and (h) - spring (SON).

Figura 12 - Histogramas direcionais dos dados de onda para o os anos de La Nifia mais persistente (1988, 2000 e 2008) apre-

sentando a altura significativa de onda e seu periodo de pico, respectivamente, para as estagoes do ano no hemisfério sul:
(a) e (b) — verdo (DJF), (c) e (d) — outono (MAM); (e) e (f) — inverno (JJA) e; (g) e (h) — primavera (SON).

366



Revista de Gestdo Costeira Integrada / Journal of Integrated Coastal Zone Management, 15(3):353-370 (2015)

increase in wave percentages from the same direction,
for the same season. This fact corroborates the observa-
tions in the analysis of specific El Nifo years/La Nifia
events, but also shows that these events exhibit different
characteristics through the seasons in different years.

Low correlation values are justified by the small varia-
tion in the wave percentages, concentrated in a specific
season. However, the persistence of this characteristic
in various events of El Nifio/La Nifia needs to be em-
phasized.

In general, the literature shows that in El Nifio events
there is a weakening of the ascending branch of the
Hadley cell over the tropics in South America and the
Intertropical Convergence Zone (ITCZ) is inhibited; the
opposite occurs in La Nifa events: an intensification
occurs in ascending and descending branches associated
with Walker and Hadley cells (Souza & Ambrizzi,
2002). Kousky et al. (1984) observe that the strengthen-
ing of the Hadley cell favors the intensification of the
trade winds, reflecting a higher transfer of energy to the
E waves in the study area for periods of El Nifio, re-
versing this process in periods of La Nifia. In seasonal
climatologies (Figures 6, 11 and 12), it can be seen,
discreetly, that a higher percentage of waves from NE-
SE quadrant occurs in the years of El Nifio events.

In El Nifio events, there is a reduction in air pressure
over the Pacific, increasing upward movements in the
region, changing the zonal circulation (Walker cell),
which increases the downward movements in tropical
regions such as the Brazilian Northeast. In the state of
Ceara, for example, an intensification of the winds on
the surface is observed in El Nifio periods and a weak-
ening of the winds in the La Nifia periods (Aradjo
Janior et al., 2014). The atmospheric circulation also
changes in extratropical regions with the intensification
of the trade winds, which causes the obstruction and
therefore a change in trajectory and intensity of frontal
systems (Aragdo, 1998).

Using the El Nifio event of 1982-1983 as an example,
Kousky et al. (1984) reported both the occurrence of a
significant intensification of upper tropospheric sub-
tropical jets and many blocking events at mid-latitudes.
Combined, these co-occurrences favor the permanence
of persistent frontal systems in southern Brazil, con-
firmed by Silva et al. (2009). These jets and blocking
events can reduce the approach of these frontal systems
to the region under study. This hypothesis would ex-
plain the lower incidence of S-SW waves with high
significant wave height and peak period values during
El Nifio years (especially in winter). The south waves
resulting primarily from frontal systems from the south-
ern region should occur with greater frequency in win-
ter. In the other hand, the South Atlantic High weakens
in periods of La Nifia, reducing the intensity of the trade

winds and favoring the migration of cold fronts that
affect the southeast.

El Nifio periods also influence the coastal sediment
budget through the wave climate. Fernandez & Muehe
(2010) observed that the blocking of cold fronts during
these periods decreased the occurrence of cold fronts on
Rio de Janeiro's coast, with a consequent reduction of
the wave’s transposition events in the area of Massam-
baba Beach. That reduction inhibited the recovery of
the sedimentary stock, which resulted in a negative
sediment budget for those years.

Despite the variability of the wave percentages from S-
SW in El Nifio/La Nifia years being small, we cannot
forget that this is a mean pattern that does not reflect the
exact number of occurrences of cold fronts, their inten-
sity in the study area or their reflections in the wave
pattern. This apparent slight increase in the percentage
of waves in La Nifia years, as an example, can strongly
affect the coastal sediment dynamics. A higher average
percentage of waves in the winter as a result of a higher
occurrence of cold fronts in a short period can result in
a high remobilization of sediments along the coastline
without sufficient time for the replacement of these
sediments. This may substantially change the beach
morphology in that period.

Other interannual variability modes can influence the
pattern of incident waves, such as the Tropical Atlantic
Dipole. As for the ENSO in the Pacific, this is the result
of variability in large-scale ocean-atmosphere coupling,
centered on the southern autumn period (Souza & No-
bre, 1998). In this case, the sea temperature anomalies
in the surface in the Tropical Atlantic interfere with
meridional circulation (the Hadley cells) and interfere
in the southern shift of the ITCZ. With warmer waters
in the North Atlantic tropical zone and cooler in the
South Atlantic tropical zone, there is an intensification
of the downflow in the southern portion of the tropical
Atlantic; this causes, for example, reduced rainfall in
northeastern Brazil (Aragdo, 1998).

It is noteworthy that the action of these two combined
events can promote variability in the responses to at-
mospheric circulation and consequently to the waves
generated by wind in the South Atlantic, depending on
the separate intensities of these events. This explains
why the variability of wave parameters in an interan-
nual analysis are only partially explained by the ONI
and that the correlation values tend to be reduced.

4. Conclusions

This research aimed to detect and analyze the variabil-
ity of regional wave climate from Rio de Janeiro state’s
central coast in relation to ENSO events. Wave model
data from WAVEWATCH III (NWW3) available from
NOAA were used to characterize the interannual and
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seasonal wave climate in the region. The model was
validated here with data from an oceanographic buoy
anchored in the study area and a strong correlation ob-
served. The NWW3 data for the Rio de Janeiro conti-
nental shelf were also compared to studies in the region
to validate the data.

The correlations between wave parameters and the
Oceanic Nifio Index (INO) had many low values, none-
theless significant, that demonstrated the existence of a
relationship between the variabilities of these parame-
ters, particularly for significant wave height. This pa-
rameter had a correlation of approximately -0.17, with a
time lag of four months. It represents a small but statis-
tically significant value. This indicated that in El Nifio
years, a tendency to reduce the significant wave height
existed with a several month delay in the response of
the local waves, while an inverse pattern occurred in La
Nifia years. An increase in wave incidence was ob-
served from the S and SW quadrants in La Nifia years,
especially in boreal winter, causing the relative increase
in wave heights values.

The lag observed for significant wave height proved
consistent with values reported for the lag wind, noting
that the variation in waves is to a large extent caused by
the attenuation of the frequency of events from the S
quadrant during El Nifio periods. These events are asso-
ciated with large percentage of the occurrences of fron-
tal systems.

This pattern of reduction in significant wave heights in
El Nifio years is noted in the literature, attributed to the
intensification of the center of the South Atlantic High
combined with increase in the occurrence of subtropical
jets in these periods. This results in a larger barrier to
cold fronts, these being retained in the southern region
of Brazil and reaching the Southeast less frequently.

Turning to the low correlation values calculated for the
period and direction peak, these indicate a negligible
interference or a lesser degree of reliability for interpre-
tation as a single variable. However, the combined
analysis of this parameter with the significant wave
height in the directional histograms shows a consistency
in the pattern observed for the different periods ana-
lyzed.

The occurrence of other modes of variability with an
interannual character in the Atlantic Ocean influences
the variability of the wave parameters in the regions
where the ONI is responsible for only a portion of this
variability; this increased the plausibility of the low
direct correlation values between the series. A thorough
study of the other modes of interannual variability that
could influence this data will be required.

Therefore, we suggest that analysis of the waves under
the El Nifio/La Nifia bias should continue, especially in
the southern hemisphere, both in other regions of Brazil
and also along the occidental African coast. This would

enhance the understanding of the remote effects of wind
variability in the Pacific Ocean to other regions of the
Atlantic Ocean and the corresponding response of the
ocean.

Appendix

Supporting Information associated with this article is available on-
line at http://www.aprh.pt/rgci/pdf/rgci-570_Pereira_Supporting-
Information.pdf
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