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Abstract

The wave pattern on the Brazilian coastline is composed of both wind
waves and swell. The wave systems (WSs), extracted from the spectra near
the coast produced by numerical wave models, reveal the occasional pres-
ence of intense swells, with small significant wave height (Hg) and large
average period (7,). This kind of event has nearly no effect over deep wa-
ter, but its landfall can be accompanied by inundation, mainly when coupled
with favourable tides and storm surge. Since these events are not clearly evi-
dent in the bulk parameters, this study proposes a methodology to i) identify
intense swells simulated by a coarse grid resolution wave modelling system
(CWS), and to ii) evaluate their importance.

In this methodology, monitoring sites are defined along a 100-m iso-
bath contouring the Brazilian coast, where the CWS hindcasts the spectra
for a 31-year period, from 1979-2009, obtained by the WAVEWATCH wave
model. The spectra are partitioned into WSs, which are used to build cu-
mulative distribution tables (CDT) for each site. The variable used in the
CDT is the flux of energy per unit length perpendicular to the wave propa-
gation (Pyy), which contains in its definition both Hg and 7}. The direction
of propagation of a WS is used to compute the components of Py parallel
and perpendicular to the coast. From the CDT of the perpendicular compo-
nent of Py, the percentile of an incoming WS can be found and its intensity
ranked.

To illustrate the feasibility of this proposal, the method is used to find the
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50 most powerful distantly-generated swells for two sites, one on the north-
ern and another on the southern Brazilian coast. In addition, the method is
applied in two case studies, both accompanied by coastal flooding and ero-
sion: one represents a very powerful WS arriving at the northern coast and
the another a less energetic event occurring on the southeastern coast. The
analysis of bulk parameters fails to identify the second case as potentially

destructive, while the proposed methodology clearly gives some indication.
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1. Introduction

In operational numerical weather prediction, accurate forecasting of some events
demands high spatial and temporal resolution, which may be a major impediment
due to high-performance computer resource requirements. A less computer in-
tensive approach is to run a lower resolution model and to monitor the precursors
of the target event. When certain specific conditions are satisfied a high resolu-
tion and accurate numerical simulation is carried out. As examples the predictive
scheme for the Atlantic basin tropical cyclones, using West African rainfall as
predictor (Gray and Landsea 1992), and for tornado development, where a set of
observational and numerically simulated precursors is monitored (Paice 1998).

A similar situation is found in oceanic wave prediction near the coastline. Usu-
ally a coarse grid global wave modeling system (CWS) simulates the generation
and propagation of the wave spectra over deep water up to the 100-m isobath fol-
lowing the coast. However, for accurate prediction in shallow water and areas near
the coastline, a fine grid wave modeling system (FWS) with a very high bathymet-
ric resolution and appropriate representation of physical processes is applied.

The ideal configuration should incorporate the FWS in a coastal modeling
system able to combine tides, surges, waves and wave-current interaction, such as
that used by Brown and Wolf (2009) in a case study of surge occuring in north-
western England. Unfortunately, in many forecasting centers, only the CWS is
operationally available, and when a powerful fetch (large area with homogeneous

surface wind blowing for several hours) develops near the coast and the wave



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

model presents significant wave height (/g) greater than about 2.5 m propagating
toward the coast, the forecaster issues an warning. In general the forecast analysis
is based on bulk parameters such as Hg, average period (1), peak period (7}),
and their respective directions, all computed from the energy spectrum, which is
the wave model prognostic variable.

In countries with an extensive coastline, e.g. Brazil with more than 9000 km, it
is impossible to maintain an operational coastal modeling system . A realistic and
sound alternative is to develop a set of tools producing predictors and to leave the
coastal system (composed of several numerical models) in stand-by mode, waiting
to be activated for a critical region when necessary . However the bulk parameters,
in the case of the Brazilian coast, are not sufficient either for the forecast analysis
nor as a predictor for the FWS due to the complexity of incident wave systems.
More suitable parameters must be extracted from the spectra.

The Brazilian coast spans latitudes 34°S to 3°N , and has a geographic config-
uration exposing it to waves generated by wind regimes within semi-permanent
and migratory meteorological phenomena. The northern and northeastern coast-
lines receive the gentle nearly unchanging waves generated by the widespread
fetch within the trade winds, while the semipermanent anticyclone positioned
over the South Atlantic forms northeasterly waves incident on the northeastern
and southeastern coast. On the other hand, migratory extratropical cyclones, in
both hemispheres, generate waves incident on almost all the Brazil’s coastline,
except perhaps the northern part of the northeastern coast from 10°S to 5°S. The

coastline facing the North Atlantic receives swell generated by distant extratropi-
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cal cyclones during the North Hemisphere winter causing some damage (Innocen-
tini et al. 1999). However, the most extreme waves are imposed by extratropical
cyclones developing over the South Atlantic, so they have received more attention
from researchers (e.g. Innocentini and Caetano Neto 1996; Rocha et al. 2000).

Regarding extreme events, some researchers emphasize the location of the
associated extratropical cyclone. Two regions in the South Atlantic are highlighted
by Sinclair (1995) as cyclogenetic, east of Argentina (45°S) and east of Uruguay
(30°S). Rocha et al. (2004) studied six extratropical cyclones in 1999 developing
in these two regions with the NCEP-NCAR reanalysis (Kalnay et al. 1996). The
mature stage (stronger surface winds) were localized within 35°- 30°S and 45°-
30°W, with east, southeast and northward trajectories. Machado et al. (2010)
selected 40 extreme events with Hg > 6 m, very close to the south Brazilian
coast, from the wave hindcast obtained using the WAVEWATCH model for the
period 1979-2009: 80% of the cases are developed over the ocean just offshore of
Uruguay.

Since these studies concern extreme Hg occurrences west of 30°W (not too
far from the coast), the analysis of the bulk parameters is sufficient to carry out
the investigation because only one wave system plays the main role in forming the
wave pattern relevant to the coast.

However, a closer examination of the spectra along the southern and south-
eastern Brazilian coastline reveals that it is common to have two or three wave
systems, one due to local wind (wind sea) and others propagating from distant

regions, outside those contemplated by the cited studies.
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For a fixed observer, the further away a wave system has been generated, the
smaller the Hg and the larger the 7;,. However, it may contain energy large enough
so that Hg becomes very high when the waves are traveling over shallow water, as
in a meteorological tsunami, but the standard analysis based on bulk parameters
would hardly detect its importance. As it will be shown, a wave system with Hg =
4 m and T, = 6 s has smaller wave power than a wave system with Hg = 2.5
m and 7, = 16 s: both cases represent favorable scenarios for damage along the
coast, but in the second case (generated from east of longitude 30°W)) this is not
revealed by the bulk parameters.

The main objectives of this study are i) to present a procedure to identify
energetic swells simulated by a CWS propagating from a distant storm, and ii) to
find cases of distantly generated strong swell reaching the Brazilian coast and to
identify the associated meteorological events.

Here, the spectrum is partitioned into wave systems, which are evaluated by
their wave power or energy flux. First of all, it is necessary to know the clima-
tology of the wave systems incident on the Brazilian coast. This will be carried
out in three steps: 1) hindcast a database composed of spectra every 3 hours at
61 virtual sites along the 100-m isobath; ii) extract the wave systems from each
spectrum, computing their properties; iii) generate percentile tables for the flux of
energy. These procedures are discussed in Section 2. Section 3 presents the main
features of the stronger events generated in the North Atlantic (South Atlantic)
arriving at the northern (southeastern) Brazilian coast with 7), > 15 s. Section 4

applies the methodology to two case studies, and finally Section 5 summarizes the
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main results. The present paper, designated as part I, presents the basic methodol-
ogy in order to illustrate its potential. In another study, part II, observations near
the coast and a FWS will be used to assess the accuracy of this methodology in

providing the predictors.
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2. Description of the procedure

An operational scheme for numerical wave prediction can be composed of two
systems of grids: a set of coarse resolution grids (CWS), where the waves are
accurately simulated over deep ocean and the wind forcing is essential, and a set
of finer grids (FWS), where the coastline and bathymetry are accurately repre-
sented in order to modify the waves propagating towards the coast with shallow
water wave physics incorporated. Usually the grid resolutions are 0.1 - 1° (CWS)
and 50-2000 m (FWS). The 100-m isobath is a reasonable reference depth for
separating the two grid systems.

Since the CWS deals with global or very large domains, the WAVEWATCH
III model (Tolman 2008, hereafter WW3) is used to simulate the spectral wave
energy generated by the surface wind. Simulations in coastal water are required
from the FWS and the SWAN model (Booij et al. 1999) provides an appropriate
solution, one that has been used in many studies (e.g. Brown and Wolf 2009).

The approach adopted in this study consists of identifying signatures or key
factors in energetic events simulated by the CWS having potential to cause dam-
age to the coast. In conjunction with other predictors (e.g. tides and coastal cur-
rents) the forecasters can make decisions, as for example to trigger the FWS. The
development of a tool able to evaluate the strength of an event is based on three
steps: 1) a long period hindcast and the definition of a set of monitoring sites
along the 100-m depth isobath following the Brazilian coastline; ii) the partition

of the spectra at each monitored site into WSs; iii) construction of tables with the
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cumulative distribution of variables computed from the WS.

a. The hindcast wave spectra and sites

Saha et al. (2010) developed a new coupled global NCEP Climate Forecast
System Reanalysis (CFSR) for the period 1979-2009. The database includes ice
surface coverage and 10-m winds with spatial and temporal resolutions of 0.3125°
% 0.3125° and 1 h, respectively. The CFSR provides a wind forcing for wave mod-
els with a resolution higher than any previous available reanalysis. The wave hind-
cast is generated by the WW3 using a global domain and three nested domains,
forced by the surface winds produced by the CFSR analysis for the 1979-2009 pe-
riod. The global resolution is 0.625°x 0.625°and the three nested domains cover
all of the Brazilian coast (Fig.1), with resolution 0.3125°x 0.3125°. The output
produced by the WW3 simulations consists of average parameters extracted from
the spectrum at all grid points and the spectra at 61 monitoring points along the
100-m isobath line following the Brazilian coast (Fig. 1) at 3-h intervals. The
spectral database constitutes the main source for evaluating the strength of incom-

ing wave systems with potential for causing damage to the coastline.

b. Wave system and potential significant height

Usually a spectrum is composed of several clusters or WSs, generated by dif-
ferent meteorological events. Many times a WS travels several thousand kilome-
ters before reaching the coastline. There are a number of algorithms for parti-

tioning the spectrum into WSs (Gerling 1992; Hasselmann et al. 1994; Hanson

10
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and Phillips 2001). A comparison among some of these schemes is presented by
Portilla et al. (2009).

The partition of the spectrum used in this research is performed in three steps:
1) identification of maxima; ii) association of spectral elements with a maximum
and; iii) merging groups. A spectral element is a maximum when all surround-
ing elements are smaller: since the spectrum is discretized into directions and
frequencies, each spectral element is surrounded by 8 elements, except those with
minimum or maximum frequency which are surrounded by only 5 elements. Each
maximum defines the first element of a WS, and a label is attributed to each one
(e.g., 1, 2, 3, etc ...). The next step is to find the parent of each spectral element,
defined as the element among its neighbors whose spectral energy is greatest; each
spectral element is assigned the same label as the parent. We found that four scans
(across the frequencies and directions) in searching for the parent of each element
are enough to label all elements. Finally, when a WS has a very small energy con-
tent it is discarded, and if two WSs are too close they are merged following the
criteria suggested by Hanson and Phillips (2001). The main differences among
the methods are the merging criteria, but at this moment this is not crucial to this
study.

For each WS the usual parameters are computed: significant wave height Hg,
average period T, peak period T}, and their respective directions. However, in
order to access the energy content of a WS, the wave power Py, defined here as
the flux of energy per unit length perpendicular to the wave propagation (the rate

which the wave energy is advected - see Young, 1999, page 16), is also calculated.

11
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It is given by

Py = pg /0 G (DEW

where c,(f) is the group velocity, p the density, ¢ the gravitational acceleration,
f(= 1/T) the frequency, T the period, and E(f) the unidimensional frequency

variance density spectrum. Defining the average group velocity by

Cq

(1/B) / e (DEW

where
B- [ B
0
it follows that
Py = pgty(Hg/4)?

where Hg = 4VE. For deep water, ¢, = g/(4r f) = g1’/ (4r), then

2
Pryg 2
Py = -2 12T,
W G S

A similar formulation can be found in many texts, as for example Dean and Dal-
rymple (2003). Often Py is expressed in the international system of units (e.g.
Sasaki 2012):

Py ~ 0.5HZT, [kW/m, m,s ]

where Hg and 7, must be expressed in meters and seconds, respectively. It must

be emphasized that this relationship is true only in deep water.

12
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For a convenient interpretation of the results, the potential significant height
Hgp replaces the wave power. It is defined as the Hg which the WS would have

if its period were 10 s. Then for a WS with wave power Py, Hgp is given by

Py
Hep — 4/ — WV
P =\ Toxop ™

One needs to keep in mind that Hgp is just a form to express the wave power, and
its value never can be compared with Hg. Therefore the choice of 10 s is arbitrary

and any other value could be chosen, without any detriment to the discussion.

c. The cumulative distribution of potential significant height

In order to classify the strength of a particular WS, the Hgp of all WSs re-
ported at a site must be known. The information must be organized in a database,
so that the statistical percentile of the target incoming event can be determined.
For this purpose, the cumulative distribution tables (hereafter CDT) are constructed
for the period 1979-2009 at each site along the 100-m isobath.

More specifically, four CDTs for Hgp are computed for each site: according
to the peak direction of a WS, Hgp is decomposed into components perpendicular
and parallel to the 100-m isobath. Depending on its direction, the Hgp parallel
component can be from the right or left. Here the forward direction is taken in
the sense of the motion vector of the WS towards the coast. Then each computed
value is tabulated with 0.1 m class intervals, and the CDTs obtained are : i) total;

i) perpendicular; iii) from the left; and iv) from the right. Cases with Hgp < 0.5m

13
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248 Note that for the WS we are using 7}, to compute Py, but the decomposition
249 1s done with 7;,. Although quite distinct for the entire spectrum, they are very

250 similar for a simple WS.
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3. The generating region and characteristics of some
cases

The incident Hgp decomposed into directions parallel and perpendicular to the
100-m isobath according to their peak frequency direction are denoted by Hgp
and H&p, respectively. The main focus is on the perpendicular component, which
in principle has more potential to penetrate and affect the coastline. In this section
the main properties and trajectories of the meteorological events responsible for
the generation of WS incident on the north and south Brazilian coast with small

Hyg and high HY} will be described.

a. The percentile along the coast

Fig. 2 shows the percentile of Hgp, for the 61 sites for the period 1979-2009,
following the procedure outlined in Section 2. The coastline from point 1 to 7
receives the most energetic events, 0.1 % of the cases having H¢; > 5 m. From
site 8 almost to site 38, the H g‘; with percentile 0.1 % decreases, and from site 39
on there is a small tendency towards having more energetic events. Some excep-
tions to these general tendencies must be mentioned, as for example around site
25, where the continental shelf extends towards the ocean (Abrolhos Banks). Sites
38 and 45 demarcate the boundary between two different wave climate regimes
where WSs are more energetic - more southern sites are associated with the prox-
imity of cyclogenesis regions of the South Atlantic, meanwhile the reason for

most energetic events toward the north is not immediately evident and research is

15
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required (this is beyond the scope of this paper).

b. The 50 most intense events for sites 22 and 47

The evolution of a WS generated near a site is characterized by an initially
small 7}, increasing as the WS becomes more energetic. In contrast, a distantly
generated WS is identified first by a high 7},, which decreases slowly as the energy
associated with smaller periods arrives. As a general rule, the further away the WS
has been generated the slower the decrease of 7}, and for a distantly generated WS
T, remains nearly constant. Since the main interest here concerns cases that are
distantly generated, the highest H%}, with 7, > 15s will be selected. Only cases
at sites 22 and 47 will be presented, since their locations seem to be representative
of incident swells from the South and North Atlantic, respectively.

Often the arrival of a WS with 7}, > 15 s is observed at a certain time, but does
not maintain this characteristic over the next 3 h, that is, 7}, < 15 s. This means
the WS was not generated so far way or else it merged with another WS. For this
reason, a WS will be selected only when 7}, remains smaller than 15 s for a time
period equal or greater than 9 h.

e

Fig. 3 shows HY ., Hg, and Hgp for the strongest Hy,, events for both sites.

per

At site 22, in general, Hg and Hgp are much larger than the respective Hgp,
whereas at site 47 Hg is smaller and Hgp greater than H5,. This means that
the perpendicular wave power is better configured for 47, because for site 22 a

large quantity of parallel energy flux is present. This is an expected result since

the parallel energy at 47 is mainly due to the trade winds, which are persistent
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but not as strong as the winds in the South Atlantic for an extratropical cyclone
developing near the coast, thus site 22 receives a substantial amount of parallel
energy from the south.

Comparing the two sites, H¢p is larger for 47, which is due to its privileged
location in receiving perpendicular energy from distantly generated WS comming

from the North Atlantic.

c. The trajectories of some events

A detailed examination of the WSs presented in Fig. 3a revealed some with
high Hg generated west of longitude 30°W, e.g. cases 5, 6, 8, etc. Certainly,
they could be very easily detected by the bulk parameters. There were also other
cases generated very far from site 22, but they merged during the propagation
with nearby generated WS losing the characteristics of a distantly generated swell.
However, from the detailed examination, cases were obtained with percentile of
Hg greater than 20%, corresponding to Hg < 1.8 m for site 22, generated east-
ward of longitude 30°W and reaching the site without having been contaminated
by nearby generated WS. Inspection of Fig. 3a reveals 15 cases satisfying this
condition, whose main properties are listed at Table 1.

The location of site 22 is more likely to receive higher Hg, from meteo-
rological events developing further north over the Atlantic. During the months
November, December and January no WS is reported in Table 1, because during
this period the energetic meteorological events developed at higher latitudes.

The trajectories of these 15 cases were tracked through the region where the

17
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winds were greater than 20 m/s, and the position of the centre of the area with
stronger winds is depicted in Fig. 4. Each trajectory is labeled with the event
number indicated in Table 1. Most of the cases have their entire trajectory east-
ward of 30°W, except events 41 and 43. The most distant event is 29, occurring
on June 2007.

A quite distinct situation is observed at site 47, because all events selected are
distantly generated, without the necessity of the imposition of an additional filter
for Hg. Table 2 presents the main features of the 10 strongest WSs shown in Fig.
3b, and their trajectories in Fig. 5. From Fig. 3b, events 1 and 2 were the most
powerfull not only for HY}, but also for Hg. The trajectory of the associated
fetch revealed both translating northwards. The final stages of the trajectories in
Fig. 5 were reported eastward of longitude 50°W. The trajectories westward of
this longitude are associated with smaller H¢p. For example, events 37 and 48 in
Fig. 3b presented very high Hg, but small H¢5, and a closer examination in both

cases revealed that their most energetic phase was westward of longitude 50°W

(not shown).
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4. The method applied to two illustrative cases

As outlined in the previous section, the analysis based on percentiles of WSs is a
useful tool to identify and evaluate events with low Hg, but high 7, so the wave
power is high. In particular the component Hg,, was emphasized, since it rep-
resents the energy that can cross the shallow bathymetry and reach the coastline.
Thus the objective here is focused on the wave power of a WS, which is often
ignored in the evaluation of wave events.

In this section a set of procedures is described and applied to two special cases,
one reaching the northern and other the southern Brazilian coastline. Both cases
represent waves distantly generated by extratropical cyclones. Although there
are no observational data available to confirm their importance, both cases were

widely commented upon by the media. Briefly, they are:

e Case 28 March 2011: associated with erosion and inundation on the coast

around site 22;

e Case 15 January 2013: responsible for the sinking of at least 5 boats on the

northern Brazilian coast and inundation around site 47.

It is shown that the standard analysis based on bulk properties computed from
the spectrum may fail in the identification of an energetic swell. An alternative
approach, proposed to access the swell strength near the coastline, is applied in
both cases. The strategy to evaluate the events is composed of these three steps: 1)

description of both spatial distribution and time evolution of bulk parameters at the

19
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target site; ii) discussion of Hovmoller diagrams; iii) examination of development

of WSs at the target site and identification of the strongest ones.

a. The case of 28 March 2011
The importance of this case resides mainly in the erosion damage with extensive

inundation along the coastline near site 22 reported by the media.

1) GENERAL DESCRIPTION

At 2100 UTC 28 March 2011 a large area with Uy > 24 m s~! with direction
towards the Brazilian coast was identified (Fig. 6). The distance of this fetch to
site 22 was about 3,700 km. The fetch with Uy > 24 m s~! traveled through the
area encompassed by latitudes 45° and 35° S, and longitudes 10° W and 0° during
a 54-hour period, from 2100 UTC 27 to 0300 UTC 30 March 2011. Afterwards,
the wind speed decreased while the core moved eastward, stopping the process of
intense wave growth. In the generating area Hg increased to more than 10 m at
0600 UTC 29 March with average direction towards the Brazilian coast, as shown
in Fig. 7 where the Hg contour and mean wave vector are depicted. Since the
generating wave area was far away, only swell could be expected at site 22.

Fig. 8 presents the time evolution of 7, and Hg at site 22. As one can observe,
Hg presents a small rise late on 01 April, however the presence of swell is evi-
denced by an abrupt jump of 7, to 15 s. Further insight can be obtained from the
spectrum, represented in Fig. 9 at 1800 UTC 01 April. The spectrum is composed

of at least 4 WSs, but the one propagating from the southeast with 7}, = 15 s was

20
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responsible for the coast damage.

For decision makers any harmful consequence of this swell was not evident
from the analysis of the standard parameters. The evolution of the swell, while
propagating from the 100-m isobath towards the coast, is determined by the bathy-
metric configuration and only a finer resolution wave model is able to realistically
reproduce the swell modification over that region and its landfall impact. Thus,
further information about the spectra is required to assess the importance of this

event.

2) THE HOVMOLLER DIAGRAM

An efficient method for assessing a general picture about the wave conditions
along the cost is the use of the Hovmoller diagram for all variables. In particular,
when applied to H%} and its percentile, an interpretation is obtained that gives
insight about the wave regarding the eventual propagation towards the coastline.
As a first attempt a rough overview can be useful with this variable computed us-
ing the average H"" and T, from the full spectrum. In general, one can expect
this procedure to result in H¢, greater than those from individual WS, but it will
indicate if further analysis is necessary. Fig. 10 presents the Hovmoller diagram
for these two variables produced by the WW3 for a forecast period extending to 5
days - the vertical dashed line at 00 UTC 30 March separates the first day forecast
from the previous period. The figure does not show high H¢ in locations around
site 22, but the percentile became smaller than 6% late on 01 April, indicating that

individual WSs deserve more careful and detailed examination.
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3) THE EVOLUTION OF THE WS

Fig. 11 presents the evolution of HE, for individual WSs at site 22 for a
4-day period beginning 30 March. The horizontal line indicates the percentile
of the maximum HY¢}, obtained. The partition at each time is carried out by the
method presented in Section 2. Two WSs at consecutives times are connected if
the direction and 7}, differences are less than 20° and 10%, respectivelly.

By 1200 UTC 01 April a WS with H¢p = 0.9 m struck site 22 and became
strongest early on 02 April, with a percentile of 4.7% However these results are
not sufficient to explain the inundation reported at this site. Others properties that
could play a relevant role in increasing the water level must be considered, namely
wind, surface pressure, and tides. An inspection of the wind and surface pressure
fields reveals that they were very weak around site 22 and unlikely to contribute to
enhancing the water level (not shown). However, the tide was rising and near its
maximum level of about 0.7 m on 01 April (not shown), therefore its constructive
combination with the distantly generated swell seems to provide the additional
ingredient for the inundation and erosion reported in the coastal area behind site

22.

b. The case of 15 January 2013
This case was reported by the media as very destructive, responsible for several
kinds of damage along a large section of the coast around site 47. Despite the

great distance between the wave generating area and this site (near 6000 km), the
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winds were very strong, and thus powerful WSs hit the northern Brazilian coast

with pronounced strength.

1) GENERAL DESCRIPTION
On 10 January 2013 an extratropical cyclone crossed the east coast of North
America near 43°N 70°W, and moved slowly eastwards while a prominent fetch

1

with wind speeds higher than 20 m s~ was spawned over a large area. During

a 24-h period, from 00 UTC 11 January, the winds were higher than 24 m s—!
blowing south-southeastward. Fig. 12 presents the wind fields at 1800 UTC 11
January, with a large fetch on the left flank of the cyclonic circulation.

The cyclonic circulation remained anchored nearly at the center of the North
Atlantic during its life-cycle, while the sea surface wave energy increased sub-
stantially in response to such strong winds. The maximum Hg were higher than
12 m at 0900 UTC 12 January (Fig. 13). Over the following days a large quantity
of wave energy propagated towards the north Brazilian coast.

The time evolution of 7},, Hg, and Uy at site 47 can be examined in Fig. 14.
The abrupt jump of 7}, early on 15 January shows the swell’s arrival - note 7;, > 15
s for a period of about 40 h. During nearly all of 16 January the persistence of
Hg > 3 mindicates a very high flux of energy.

The spectral distribution of energy was at its maximum intensity at 0600 UTC
16 January when Hg = 3.16 m (Fig. 15). A weaker west-northwesterly WS with

T, < 10 s is due to the trades, while another stronger is propagating from the ex-

tratropical cyclone located in the North Atlantic, with 7}, > 15 s. This description
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is enough to conclude that this is a very powerful WS, however further detailed

analysis is necessary to reveal its importance.

2) THE HOVMOLLER DIAGRAM

The diagram represented in Fig. 16 shows a large H%p striking site 60 late
on 14 January. Since this site is further north, it is one of the first to receive the
swell. During the next 48 hours Hb, > 2.5 m spreads eastward along the north-

ern Brazilian coast. The percentile < 1% evidences the powerful nature of this

event.

3) THE EVOLUTION OF THE WS

The evolution of the WSs composing the spectrum from 13 to 16 January
2013, can be examined in Fig. 17. The stronger WS arrived at site 47 early on 15
January, and H¢p increases during the next 24 hours. The peak value was 2.8 m
at 0900 UTC 16 January, corresponding to a percentile < 0.1%. Certainly, this

description provides very reliable information for disseminating a warning.
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5. Summary and conclusions

Several operational forecasting centers produce daily bulletins reporting sea sur-
face waves and issue warnings in case of intense events over the open sea or
of shoreline flooding based on the analysis of numerical simulations. For open
sea, where the seafarers are the main interested parties, a standard procedure is
adopted, which consists of monitoring the behavior of averaged (or bulk) param-
eters computed from the simulated wave spectrum, e.g. significant wave height
(Hs), average period (1), and peak period (7,). In shallow water near the coast
a more complex procedure must be implemented, including tides, storm surge
caused by wind and sea level pressure, coastal circulation, and near shore shallow
water wave forecasting. Large computational power is necessary for an extensive
coastline, because the appropriate models require high resolution grids.

To save computer time and to provide guidance for the warning service for
shallow water, the search of precursors indicating a possible incidence of high
waves on the coast is a useful tool. However the analysis of the bulk parameters
does not reveal the potential increase of the waves while propagating over shallow
water. A more suitable variable is the flux of energy, or wave power, defined in
deep water as Py = 0.5H2T,. Since it contains both Hg and T,. Large T, is
the signature of an energetic swell, which can have increasing Hg as it propagates
over shallow water. Also, the spectrum is formed by several wave systems (WS),
some of which are propagating parallel to the coast and are less likely to reach the

coast. Then, to evaluate Py individually for each WS, selecting the most likely to

25



486

487

488

489

490

491

492

494

495

496

497

499

500

501

502

503

504

505

506

508

propagate towards the coast, gives a better way to search for precursors.

In this study, a methodology to evaluate the strength of a WS and its use as a
precursor of coastal monitoring through the results of numerical forecasting ob-
tained by the model WAVEWATCH is presented and is applied to the Brazilian
coast.

Initially, a set of monitoring sites is defined, located on an isobath where the
incident waves have suffered small influence of the seabed topography; for the
Brazilian coastline 61 sites, about 100 km apart, were chosen on the 100-m bathy-
metric depth contour. On these sites the spectra produced by WAVEWATCH are
separated into WSs, and their properties are evaluated. In order to facilitate the
interpretation, the wave power is replaced by a new variable, potential significant
wave height (Hgp), defined as the significant height for the same Py, but with
T, = 10s, ie., Hsp = [Py /(0.5 x 10)]°®. Additionally, according to the peak
period direction of the WS, Hgp is decomposed into perpendicular (H gi;") and
parallel (H g}f) directions relative to the 100-m isobaths orientation.

The spectra for the sites from 1979 to 2009, provided by WAVEWATCH
forced by the surface wind fields from the global NCEP Climate Forecast Sys-
tem Reanalysis (CFSR), were partitioned into WSs. Then, for each site, cumula-
tive distribution tables (CDT) were constructed for the WSs, so any event can be
ranked and its relative importance expressed by percentiles.

The methodology were applied with two objectives: 1) to detect distantly gen-
erated WS reaching the Brazilian coast within the 31-year period run, and ii) to

evaluate the strength of incident WS in an operational service.
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For the first objective, two sites with quite different locations were selected,
one exposed to meteorological events developing over the Central and South At-
lantic Ocean (site 22, at 22.09S-319.93E), the other developing over the North
Atlantic Ocean (site 47, at 2.23S-320.04E). All WSs simulated by the long-period
run, arriving at these two sites with 7,, > 15 s during a period of at least 9 hours,
were selected and ordered by the value of Hgp; the 50 strongest cases were ex-
amined. For site 22 it was found that many cases were not distantly generated.
However, when an additional filter was imposed in the form of percentile of sig-
nificant wave height Hg greater than 20% (corresponding to g < 1.8 m for this
site), only distant cases remained: the associated fetches (defined as a large area
with Uyg > 20 m s~1 ) arose south of 39°S and west of 40°W. For site 47 this ad-
ditional filter was not necessary, because on the northern Brazilian coastline all of
the swells are due to distant fetches. Therefore, on coastlines exposed to several
kinds of meteorological phenomena, the analysis of Hgp may not be enough to
point to distantly generated swell, and an additional filter would be required.

For the second objective, the feasibility of applying the proposed methodology
operationally was illustrated in two cases. Unfortunately wave data near shore
along the Brazilian coast are rarely available, and the criterion used for choosing
these cases was the damage reported by the media. The case of 28 March 2011
corresponds to an extratropical cyclone developing over the South Atlantic; the
waves simulated by WAVEWATCH arrived at site 22 with Hg = 2.0 m, but Hg >
10.0 min its generating area, about 3700 km away. Although Hg is small, 7, > 15

s at this site suggested this is a strong event, so further analysis based on the wave
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power was necessary. Therefore the spectrum was decomposed into several WSs,
and the strongest achieved a maximum of Hg, = 1.4 m, corresponding to a
percentile of 4.7 %.

The case of 15 January 2013 represents an extratropical cyclone intensifying
over the North Atlantic: WAVEWATCH simulated Hg > 12.0 m over a distant
region about 6000 km from site 47, which arrived at this site with Hg > 3.0 m and
T, > 15 s. The Hovméller diagrams for the 5-day forecast of bulk H%}, showed
percentiles smaller than 1%, but the decomposed spectrum revealed a WS even
stronger, with Hg, = 2.9 m, corresponding to a percentile smaller than 0.1 %.

In cases of flooding, the occurrence of storm surge and tide must be consid-
ered, since they can accentuate the effect of the wave attack into the coastline.
A closer inspection showed that in the first case (28 March 2011), the perpen-
dicular wave power alone did not explain the inundation reported at site 22, but
the tide seems to have played a crucial role. In contrast, the inundation reported
in the second case (15 January 2013) was explained just by the percentile of the
perpendicular wave incidence.

From this study, one may conclude that the CDT of H¢ and its percentiles
are useful tools to access the strength of a WS. They can be used as precursors
of floodings along a coastline, but the definition of threshold values will depend
on other properties, that is, even with small %5 a flooding can occur when other
effects (e.g. storm surge or tide) are contributing to increasing the water level

per

near the shore. The determination of the threshold percentile of Hgp, depends

on an extensive knowledge of the region considered, which is possible through

28



555

556

558

559

560

561

562

563

observations and simulations on the nearby coast.

A possible limitation of this work is the emphasis given to the flux of wave en-
ergy perpendicular to the coast. Since there may be events at some sites where the
parallel propagation is refracted locally towards the coast, resolving these cases
would require more detailed knowledge of the local features of each site.
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List of Figures

FIG. 1. The 3 domains nested into the global domain used by the WAVEWATCH
simulations to build the 31-year database, and the location of 61 monitoring sites,
lying nearly on the 100-m isobath following the Brazilian coastline. Areas shal-

lower than 1000 m are represented by gray. The spatial resolution is 0.625° %

0.625°and 0.3125°x 0.3125°for the global and nested domains, respectively.

FIG. 2. The percentile (contour in %) of the 61 sites for the component of the
potential significant height perpendicular to the 100-m isobath at each site (H5 ),

computed from the 31-year database.

FIG. 3. Significant wave height (Hg), potential significant wave height (Hgp),
and its component perpendicular to the coast (Hg 5 ), for the 50 highest H5 sim-

ulated for sites (a) 22 and (b) 47. The units are meters.

FIG. 4. Trajectories of the cyclones responsible for the 15 events listed at Table 1,
occurring in the South Atlantic. The central position of the area with maximum

1

surface speed, if greater than 20 m s~ , is used to track each trajectory.

FIG. 5. As in Fig. 4, but for the 10 first events listed in Table 2, occurring in the

North Atlantic.
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FIG. 6. Contours of surface wind speed Uy (m s~! ) and streamlines at 2100 UTC

28 March 2011.

FIG. 7. Significant wave height Hg (m) and mean wave direction at 0600 UTC 29
April 2011.
1

FIG. 8. Time evolution of significant wave height ¢ (m), wind speed Uyp (m s~

), and peak period T}, (s) at site 22, from 30 March to 03 April 2011.

FIG. 9. Spectrum for the site 22 at 1800 UTC 01 April 2011. The units are m?s
rad—!. The plotting interval is 0.1, 1, and 10 for contours smaller than 1, 10 and
100, respectively. The circle represents the period (s). The convention for propa-

gation direction is from the center towards the plotted contour.

FIG. 10. Hovmoller diagram for the 61 sites of the perpendicular component of
the potential significant height H%. (m), from 28 March to 03 April 2011, in (a)
meters and (b) percentile (%). The vertical dashed line delimits the forecast pe-

riod, starting at 00 UTC 30 March 2011.

FIG. 11. Time evolution of the perpendicular component of the potential signit-
icant height Hg, (m) for individual wave systems (WS), from 30 March to 02
April 2011. The horizontal dashed line indicates the percentile of the strongest

HYY during the 4-day period.
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FIG. 12. Wind field Uy, as in Fig. 6, but at 1800 UTC 11 January 2013.

FIG. 13. Significant wave height Hg, as in Fig. 7, but at 0900 UTC 12 January
2013.

FIG. 14. Time evolution as in Fig. 8, but at site 47, from 13 to 17 January 2013.

FIG. 15. Spectrum as in Fig. 9, but for the site 47 at 0600 UTC 16 January 2013.

FIG. 16. Hovmoller diagram for H gig” and its percentile, as in Fig. 10, but from

12 to 18 January 2013. Forecast starting at 00 UTC 14 January 2013.

FIG. 17. Time evolution of H¢5 for the wave systems, like Fig. 11, but at site 47

from 13 to 16 January 2013.
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TABLE 1. Cases with significant wave height Hg < 1.8 m selected from the
50 cases for the site 22 presented in Fig.3a. The first column refers to the event
number presented in the figure. The properties shown are significant wave height
(Hg), potential significant wave height (Hgp), and its component perpendicular

to the coast (H5p).

TABLE 2. Main properties, as in Table 1, but for the first 10 cases presented at

Fig.3b.
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Tables

event date | Hg | Hsp | HSS
7119860602 | 1.7 | 2.00 | 1.99
10| 19900813 | 1.6 | 1.97 | 1.83
14 1 19860531 | 1.4 | 1.72 | 1.71
18 | 19980518 | 1.6 | 1.95 | 1.57
24 119790801 | 1.4 | 1.57 | 1.46
25119800317 | 1.4 | 1.75 ] 1.40
26 | 19790808 | 1.2 | 1.49 | 1.38
29 20070610 | 1.2 | 1.37 | 1.36
33 119830916 | 1.7 | 2.11 | 1.30
34 119960823 | 1.7 | 2.09 | 1.30
35120041018 | 1.2 ] 1.39 | 1.29
40 | 19820609 | 1.5 | 1.55| 1.24
41 1 19840712 | 1.2 | 1.31 | 1.22
43 120030525 | 16| 1.92| 1.19
49 119920307 | 1.2 | 1.40 | 1.12

TABLE 1. Cases with significant wave height Hg¢ < 1.8 m selected from the
50 cases for the site 22 presented in Fig.3a. The first column refers to the event
number presented in the figure. The properties shown are significant wave height

(Hg), potential significant wave height (Hgsp), and its component perpendicular

to the coast (Hop).
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event date | Hs | Hsp | Hop
19820208 | 3.7 | 419 | 3.95
19831227 | 3.4 | 392 | 3.69
19851207 | 29 | 3.36 | 3.17
2009 1231 | 2.8 | 3.34 | 3.15
19820105 | 3.0 | 3.59 | 2.96
19961224 | 2.7 | 3.10 | 2.92
20051018 | 2.5 | 3.09 | 291
19891123 | 2.3 | 2.86 | 2.85
20100210 | 2.8 | 3.36 | 2.77
19850209 | 2.3 | 292 | 2.75
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—

78 TABLE 2. Main properties, as in Table 1, but for the first 10 cases presented at
789 Fig.3b.
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