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ABSTRACT

This work presents analyses of the atmospheric conditions and the hindcast of the surface wave field when
six extratropical cyclones formed and displaced over the South Atlantic Ocean (108N, 608S; 758W, 158E) between
April and September 1999. These events caused high sea waves associated with hazardous conditions along the
south and southeast coast of Brazil. The meteorological composite fields for these cyclones show a strong near-
surface wind velocity (up to 14 m s21) during its mature phase. The sea-state wave hindcast was obtained using
a third-generation wave model forced by the 10-m above ground level wind field from the National Centers for
Environmental Prediction–National Center for Atmospheric Research reanalysis dataset. Closer to the south and
southeast Brazilian coast, the hindcast results showed significant wave heights of up to 5 m in some of the
events. The wave hindcast results for the significant wave height were compared against satellite altimeter data
at 6 h intervals. The statistical index showed a systematic underestimation of the significant wave height by 0.5
m. The correlation between wave hindcast and altimeter measurements was greater than 90%, showing a good
phase reproduction by the wave model.

1. Introduction

The role of extratropical cyclones in the generation
and propagation of the sea waves in the North Atlantic
Ocean has been the focus of several investigations (Car-
done et al. 1996) and several special observational pro-
grams to understand the dynamics of such systems (Had-
lock and Kreitzberg 1988). The South Atlantic Ocean
also shows extratropical cyclogenesis (Sinclair 1995) in
two important regions: one east of Argentina (458S) and
the other east of Uruguay (308S). The South Atlantic
cyclones are responsible for the formation of high sea
waves over the ocean with economical impacts in the
South America region. Cyclones originating in eastern
Uruguay are usually associated with an intensification
of the near-surface winds from the southeast and create
a local phenomenon known as sudestada (Seluchi
1995). The generated sea waves propagate toward the
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Plata River basin and can cause flooding in the city of
Buenos Aires, Argentina (Seluchi and Saulo 1998). The
cyclones can also cause considerable hardships for the
Brazilian population. Brazil has an extensive coastline
with a great number of people living and having theirs
lives affected by the maritime agitation. For example,
Rio de Janeiro, one of the most important cities in Bra-
zil, is frequently affected by high sea waves, causing
numerous problems to the population and to the urban
infrastructure (Innocentini and Caetano Neto 1996).

An investigation of the sea state during the passage
of the intense extratropical cyclone over the South At-
lantic was conduced by Innocentini and Caetano Neto
(1996) using a second-generation wave model. Their
hindcast results showed the generation of high sea waves
by the cyclone formed between 308 and 408S, and these
waves propagated to the Rio de Janeiro coastal region.
However, the lack of significant wave height observa-
tions during the period has not allowed the direct ver-
ification of the hindcast.

Previous studies regarding the extratropical cyclone
sea wave hindcasts and their verification were very lim-
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ited over the South Atlantic Ocean, and dealt mainly
with cyclones that propagate high sea waves to the Bra-
zilian shore. Rocha et al. (2000) reported the occurrence
of intense sea waves associated with the development
of extratropical cyclones in 1999, but they did not pre-
sent the sea wave hindcast.

An important element in conducting a numerical wave
model hindcast is the existence of gridded 10-m above
ground level winds with high temporal resolution. The
recent reanalysis project of the National Centers for En-
vironmental Prediction–National Center for Atmospher-
ic Research (NCEP–NCAR; Kalnay et al. 1996) allows
for a consistent and continuous near-surface wind field
for sea state hindcasting (Swail and Cox 2000). Re-
cently, Cox and Swail (2001) performed hindcasts for
all oceans of the world using a time scale of 40 yr, and
they also used some buoys in the North Atlantic and
Pacific Oceans for hindcast verification. And for the
South Atlantic Ocean, they considered the sea wave
comparison for the entire 40-yr period and not individ-
ually intense cyclone systems.

One problem for the South Atlantic Ocean hindcast
verifications is the limited number of local observational
datasets (Innocentini and Caetano Neto 1996). Never-
theless, the recent available altimeter measurements of
sea-wave height from the TOPEX/Poseidon (Ocean To-
pography Experiment; Chelton 1999; hereafter TOPEX)
provides an important source of high quality observa-
tions (Swail and Cox 2000; Bauer et al. 1992; Young
1999) for the hindcast comparison in the region.

The main goal of this study is to perform the vali-
dation of the third-generation wave model WAVE-
WATCH III (Tolman 1999; Tolman et al. 2002), using
reanalysis wind data for intense South Atlantic extra-
tropical cyclones, since very few validations have been
performed over this region for such systems. In order
to reach this objective, this study performed sea state
hindcasts for six extratropical cyclones in the South At-
lantic Ocean occurring between April and September
1999. The hindcasts were conducted using the WAVE-
WATCH III model with surface forcing provided by the
10-m above ground level wind field of the NCEP–
NCAR reanalysis. The significant wave height hindcasts
were evaluated against altimetry observations from TO-
PEX.

The paper is organized as follows. Section 2 describes
the atmospheric and oceanic datasets used in the anal-
ysis. A brief meteorological description of the mean
atmospheric characteristics during the formation and in-
tensification of the six extratropical cyclones is given
in section 3. The third-generation wave model, the hind-
cast outline, and the verification procedure are presented
in section 4. The wave hindcast results along the Bra-
zilian coast and the wave hindcast evaluation are pre-
sented in section 5. Finally, section 6 presents the sum-
mary and conclusions.

2. Data sources

This section describes the atmospheric and significant
sea wave height datasets used in this work.

a. Atmospheric data

The NCEP–NCAR reanalysis dataset (Kalnay et al.
1996) was used to characterize the atmospheric condi-
tions during extratropical cyclone formation and prop-
agation over the South Atlantic Ocean in 1999. This
dataset has a horizontal resolution of 2.58 3 2.58 latitude
by longitude, with a temporal resolution of 6 h (0000,
0600, 1200, and 1800 UTC), and 17 pressure levels,
from 1000 to 10 hPa, as the vertical resolution. The area
domain selected to investigate the cyclones was limited
between 67.58S–108N and 72.58–7.58W.

The 10-m above ground level winds, also from the
NCEP–NCAR reanalysis dataset, were available in a
Gaussian grid (horizontal resolution of approximately
1.8758). These data were used to identify the cyclone
centers and their respective trajectories and to drive the
WAVEWATCH III wave model.

b. The sea wave data

Over the South Atlantic Ocean there is relatively little
significant wave height (SWH) data, and in contrast to
the North Atlantic and Pacific Oceans there are not long-
term daily buoy observations. Only recently (in 2000),
through the efforts of the governmental agency the Pla-
no Nacional de Bóias (PNBOIA; information online at
www.secirm.mar.mil.br), were some buoys installed
along the south coast of Brazil. Another set of SWH
observation data at the ocean was gathered from ship
records. However, this dataset is not appropriate for ver-
ifications for two reasons. First, the SWH observations
are visually taken by a human observer and thus they
are likely to be imprecise. Second, ships tend to be away
from disturbed sea regions for safety reasons and there-
fore the extreme event observations are very limited
and of poor quality.

Thus, the TOPEX altimeter data provide an important
source of high quality SWH observations for hindcast
verification in the South Atlantic Ocean. Several authors
have discussed the high quality of this altimeter dataset
(e.g., Swail and Cox 2000; Bauer et al. 1992; Young
1999). The TOPEX altimeter data are also quality con-
trolled, which includes corrections for instrumental er-
rors, environment perturbations (wet and dry tropo-
spheric influences and ionospheric effects), and ocean
wave influences (sea state bias). In addition, tide influ-
ences (ocean tide and pole tide) and the inverse baro-
metric effect are taken into account (see AVISO/Altim-
etry 1996 for more details). According to Young (1999)
these quality control measures provide an accuracy of
60.5 m or 10%, whichever is greater, when compared
with the buoy data.
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TABLE 1. Information on the six extratropical cyclones of 1999 examined in the study. The initial and final times, the time of maximum
10-m surface wind, and the total life cycle are presented.

Cyclone Initial date Final date Time of the max 10-m wind Life cycle (h)

I
II
III
IV
V
VI

0000 UTC 16 Apr
0000 UTC 18 May
1800 UTC 28 May
1800 UTC 28 Jun
0000 UTC 13 Aug
0600 UTC 22 Sep

0600 UTC 22 Apr
0000 UTC 24 May
1200 UTC 02 Jun
0000 UTC 02 Jul
0600 UTC 15 Aug
1800 UTC 25 Sep

1800 UTC 17 Apr
0000 UTC 20 May
1800 UTC 30 May
1200 UTC 30 Jun
1200 UTC 14 Aug
1800 UTC 23 Sep

150
144
114

78
54
84

The TOPEX dataset is neither simultaneous nor syn-
optic, so in order to accomplish the hindcast verification,
the data points of the TOPEX data (with 6.7-km hori-
zontal resolution along track) were spatially averaged
onto a mesh size of 18 3 18 in latitude and longitude,
which corresponds to the resolution of the wave model
(section 4). These data were also temporally arranged
in 6-h intervals at the synoptic times, using a time win-
dow of 63 h. The TOPEX data were provided by the
National Aeronautics and Space Administration’s
(NASA’s) Physical Oceanography Distributed Active
Archive Center at the Jet Propulsion Laboratory/Cali-
fornia Institute of Technology, via anonymous ftp.

3. The cyclone identification and mean
atmospheric condition

The criterion for cyclone identification and the mean
atmospheric conditions are now described.

a. The cyclone identification

The trajectory for a two-dimensional field in the x
(east–west) and y (north–south) directions can be de-
scribed by a set of positions, [x(t), y(t)], where t is the
time and it is incremented from the first moment when
the cyclone is identified until its disappearance. The
track of the extratropical cyclones was determined by
a procedure similar to that described by Sinclair (1995),
which defines the cyclonic track as a sequence of max-
imum local cyclonic vorticities using the vorticity of the
1000-hPa geostrophic wind, except that this work uses
the vorticity of the 10 m above ground level wind. Ap-
plying this procedure, six cyclones associated with
strong near-surface winds were then selected for the
analyses. These cyclones are hereafter referred to as
cyclones I–VI, respectively.

Table 1 presents the initial and final time of each
cyclone, their life cycles in hours, and the time when
the 10 m above ground level wind was the most intense
over the ocean. The cyclones occurred between April
and September 1999 (Table 1), which corresponds with
a period of major occurrences of cyclogenesis in the
South Atlantic region (Sinclair 1995). The cyclone re-
ported in April (I) was the longest (150 h) and the Au-
gust (V) cyclone was the shortest (54 h).

b. The mean atmospheric conditions

The cyclone trajectories are showed in Fig. 1. Except
for event V (Fig. 1f), the cyclones all began their de-
velopment between 308 and 358S, which is a potential
area for cyclogenesis. During the first 4 days, cyclone
I was quasi stationary, staying near the south Brazilian
coastline. Only in the last 24 h of its life cycle did
cyclone I move to the northeast (Fig. 1a). Cyclones II
(Fig. 1b), III (Fig. 1c), and IV (Fig. 1d) present a typical
trajectory for the South Atlantic region, that is, eastward
or southeastward displacement moving farther away
from their original position. On the other hand, cyclones
V (Fig. 1e) and VI (Fig. 1f) describe a different trajec-
tory, moving northward.

Figure 2 displays the time series of the cyclonic rel-
ative vorticity of the 10-m wind at the center of the
cyclones during their life cycles. Cyclones I and III were
the most intense, and showed minimum relative vorticity
below 27 3 1025 s21.

At least two observed conditions influenced the for-
mation of such cyclones: first a high-level jet stream
and second an area of mass divergence associated with
a high-level trough at 200 hPa. This pattern was ob-
tained by making a composite average of the six events,
using the cyclone centers as a reference. This composite
used 21 grid points in the meridional and zonal direc-
tions and was performed at the initial time and at the
time when the 10-m surface wind reached its maximum
(sees Table 1). For each of the six cyclones the com-
posite position is indicated in Fig. 1.

Although the averaging process smoothed the mete-
orological field, the composite is very useful for ana-
lyzing the synoptic conditions at different stages of de-
velopment. At 200 hPa the streamlines show a trough
associated with a cyclone at the surface (to the east of
the trough), between two anticyclones (Fig. 3a). The
two anticyclones include the subtropical anticyclone to
the northeast of the cyclone center and a polar anticy-
clone to the southwest. At this initial time the sea level
pressure shows a cyclone composite with two minimum
centers with pressures of 1011 hPa (Fig. 3a). The ver-
tical inclination (west) of the upper-level trough to the
surface cyclone would favor the intensification of the
cyclone at the surface. In the initial phase of the cyclone
the 10-m surface wind was not intense with a speed of
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FIG. 1. The cyclones trajectories are indicated by crosses (1) every 6 h for cyclones (a) I, (b) II, (c) III, (d) IV,
(e) V, and (f ) VI. The open and closed circles represent the positions of the cyclones at initial and mature phases,
respectively.

;4 m s21 around a large area surrounding the cyclone
(Fig. 3b).

Figures 4a and 4b show the composite fields for the
time when the 10-m winds reached their highest speeds
in the vicinity of the cyclones. The times and positions

for the composites are indicated in Table 1 and Fig. 1a,
respectively. The 200-hPa streamlines continue to show
a trough (Fig. 4a), and at this time depict a larger am-
plitude than in the initial field (Fig. 3a). The surface
cyclone is now represented by only one center with a



402 VOLUME 19W E A T H E R A N D F O R E C A S T I N G

FIG. 2. Time series of the 10-m wind cyclonic vorticity (1025 s21)
for cyclones I–VI: The time interval at each point is 6 h after the
initial time for each cyclone.

FIG. 4. As in Fig. 3 but for the time of the most intense 10-m
surface wind.

FIG. 3. Composite average of the six cyclones at the initial stage:
(a) 200-hPa streamlines (continuous line) and the mean sea level
pressure (dashed line at each 3 hPa) and (b) 10-m surface wind field
(arrows) and intensity (continuous lines at each 4 m s21). Dark shaded
areas represent winds above 8 m s21.

pressure of 1005 hPa, but the center still remains on the
east side of the 200-hPa trough. The anticyclone to the
west of the cyclone sustains the same intensity as in the
initial stage, that is, 1026 hPa (Fig. 4a). The anticyclone
did propagate northward and contributed to the inten-
sification of the pressure gradient in the southern and
western sectors of the cyclone.

The composite 10-m surface wind velocities exceeded
14 m s21 in the southwest sector of the surface cyclone
(Fig. 4b), where the wind is intense over a long hori-
zontal fetch. Only southeast sector wind velocities were
less than 8 m s21.

4. Wave model hindcasts

a. Wave model description

This study used the third-generation wave model
WAVEWATCH III (Tolman 1999; Tolman et al. 2001)
from NCEP to hindcast the sea wave state for the six
cyclones described in the section 3. In the WAVE-
WATCH III model, the evolution of the directional wave
spectrum is a function wavenumber (k) and direction
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FIG. 5. WAVEWATCH III hindcast domain and bathymetry (m,
shaded). The figure also displays the points Rio Grande do Sul (RS),
Santa Catarina (SC), and Rio de Janeiro (RJ), in addition to the two
defined areas for the hindcast comparison.

TABLE 2. The start and end times, and total duration of the hindcasts
for cyclones I–VI. The time of the maximum SWH in the hindcast
results is also presented.

Cyclone Start date End date
Total

duration (h)
Time and date of

max SWH

I
II
III
IV
V
VI

14 Apr
16 May
26 May
26 Jun
11 Aug
19 Sep

23 Apr
25 May
02 Jun
02 Jul
17 Aug
27 Sep

216
216
168
144
144
192

0600 UTC 18 Apr
1200 UTC 21 May
0000 UTC 31 May
1200 UTC 30 Jun
1200 UTC 14 Aug
0600 UTC 24 Sep

(u ) in spherical coordinates defined by the latitude and
longitude. The propagation due to the group velocity
and the action of the source terms determines the evo-
lution of the wave spectrum. The following source terms
are considered in the model: wind–wave interaction,
nonlinear wave–wave interaction, dissipation (white-
capping), and bottom friction. This last term is repre-
sented by the linear Joint North Sea Wave Project (JON-
SWAP) parameterization (Hasselmann et al. 1973). The
formulation proposed by Tolman and Chalikov (1996)
is used to represent the input and dissipation terms,
while the nonlinear wave–wave interactions are resolved
according to Hasselmann et al. (1985).

To solve the physical processes and to save compu-
tational time, WAVEWATCH III uses a time-splitting
scheme (Tolman 1999) with four different time steps.
The global time step is used for the input winds and to
propagate the entire solution in time. The spatial prop-
agation equation is solved using a third-order-accurate
scheme and the time step can be smaller or equal to the
global time step. The third-order-accurate scheme is also
used in the integration of the intraspectral propagation.
In this case, the time step also can be smaller (shallow-
water grid) or equal (deep-water grid) than the global
time step. For numerical integration of the source terms
a modified version of the semi-implicit scheme is used.

The WAVEWATCH III model was implemented on
a regular grid of 18 3 18 in latitude and longitude. The
model domain extends over the South Atlantic Ocean,
from 608S to 108N, and from 758W to 158E as shown
in Fig. 5. Figure 5 also shows the bathymetry and the
locations of some areas referred to in the text. Finally,
the WAVEWATCH III model ran with a directional res-
olution of 308 and 25 frequencies [through the geometric
progression f (n 1 1) 5 1.1 f (n), where f (1) 5 0.04
s21].

b. Hindcasts

The SWH and the wave direction were output every
6 h. The 10-m surface wind fields of the NCEP–NCAR
reanalysis dataset at 6-h intervals were used to force the
WAVEWATCH III model. Recently, Swail and Cox
(2000) pointed out that this dataset provides better re-
sults for the North Atlantic Ocean wave hindcasting than
the 1000-hPa and lowest sigma level (0.995) wind fields.

The start and end times for each hindcast are pre-
sented in Table 2. One can observe that the total duration
of each hindcast is event dependent: it was longer for
events I and II (216 h) than events IV and V (144 h).
The start time of each experiment was set to 0000 UTC
for the days presented in Table 2, which corresponds to
about 48 h before the cyclone’s initial time. This allowed
the wave model to spin up the sea waves.

Table 2 also provides the date of the hindcast’s max-
imum SWH near the southern and southeastern coasts
of Brazil. These dates were determined through a visual
inspection of the SWH at each 6-h interval.

Statistical indexes were calculated to compare the
hindcast results with the TOPEX measurements (section
5b). Consider a variable X, where the subindexes M and
O indicate the model value and observation, respec-
tively. The bias b is computed by

N1
b 5 (X 2 X ),O Mi OiN i51

and the correlation coefficient, r, is given by
N

(X 2 X )(X 2 X )O Mi M Oi O
i51r 5 ,

N N

2 2(X 2 X ) (X 2 X )O OMi M Oi O!i51 i51

where the overbar is used to indicate the average and N
is the amount of data. The root-mean-square error is

1/2N1
2rms 5 (X 2 X ) .O Mi Oi[ ]N i51

5. The hindcast results

This section presents the hindcast results of the sur-
face wave field for the south and southeast Brazilian
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coastal area and the comparison with altimetry data from
TOPEX.

a. The near Brazilian shore sea waves

Figures 6a–f present the hindcast results of the SWH
and the direction of propagation of the sea waves at the
time of maximum marine agitation for each of the six
cyclones (see Table 2). These figures show a large area,
close to the Brazilian coast, where the SWH is higher
than 4 m. The sea waves propagated toward the Bra-
zilian shore from south (Figs. 6a–c and 6e), southeast
(Figs. 6b, 6d, and 6f), and southwest (Figs. 6c–e). Near
the coast, the highest sea wave was hindcast at event
number III (Fig. 6c), where the SWH was greater than
7 m. For event II, there is a coincidence between the
time of maximum marine agitation (as defined in section
4b) and the TOPEX overpass as shown in Fig. 6b. The
high sea waves obtained with WAVEWATCH III are in
phase with those observed by TOPEX. However, near
the area of maximum SWHs the hindcast presents a
lower SWHs than does the TOPEX data. For other cy-
clones there are TOPEX overpasses near the time and
area of the intense sea waves (see section 5b).

A cyclonic circulation (clockwise) can be noted in
the wave field (Figs. 6a–f), which is in agreement with
the composite 10-m surface wind field (Fig. 4b). This
kind of pattern is less pronounced for events V (Fig.
6e) and VI (Fig. 6f).

The time evolution of the sea state near the Brazilian
shore was investigated by using time series of SWHs,
at three selected points located at the Rio Grande do
Sul (RS, at 328S, 498W), Santa Catarina (SC, at 288S,
468W), and Rio de Janeiro (RJ, at 258S, 428W) (see
locations in Fig. 5). These locations represent important
coastal regions that are impacted economically and that
were most affected by the presence of the extratropical
cyclones.

Figures 7a–f present the hindcast time series of the
SWHs for cyclones I–VI, respectively, in the three
points along the Brazilian shore. Cyclones I–V showed
that the SWH increased first at RS, the southernmost
point, and then at SC and RJ, respectively. They also
show that there is a time lag between the maximum at
RS and at SC, which varies from 6 (cyclone V) to 18
h (cyclones II and IV). A time lag was also noted be-
tween RS and RJ. For event II and IV the time lag was
the same as that for RS and SC, and for events III and
V it was 6 h larger.

Cyclone VI formed far from the coast and to the north
(see Fig. 1) in comparison to the other five cyclones
and the SWH temporal evolution (Fig. 7f) showed some
differences. The maximum SWH reached 3.9, 3.1, and
2.5 m at RJ, SC, and RS (Fig. 7f), respectively. The
results showed that the higher sea waves affected RJ
more than the other points, which is different from the
other five cyclones.

Table 3 summarizes the maximum SWHs as well as

the duration time that the SWHs exceeded 3.0 m, for
the six cyclones and at the three reference points. The
results in this table show that cyclone III produced the
highest values of SWH at all three points. However,
individually, the maximum SWH hindcast was 6.5 m at
RS for cyclone I. On the other hand, cyclone II was the
one that had SWHs higher than 3.0 m during a long
period (up to 48 h at all points).

Two areas within the model domain, close to the Bra-
zilian shore, are used to perform the comparison be-
tween hindcast results and TOPEX observations. The
first area is near RS (between 308–348S and 478–528W),
corresponding to the south coast (see Fig. 5). The second
is near RJ and represents the conditions at the southeast
coast of Brazil (between 238–268S and 398–448W; see
Fig. 5). Figures 8a and 8b show the SWHs for the south
and southeast coasts, at the model grid point, and the
maximum SWH around the point in the 618 of the
latitude by longitude grid.

For the six cyclones at the south coast, there is a good
relation between the SWH hindcast and the TOPEX
dataset (Fig. 8a), mainly for the periods where the sea
waves are high. In addition, in periods of low SWHs
the hindcast results tend to be lower than those from
the TOPEX data. The bias between the time series da-
taset is lower when the TOPEX data are compared to
the maximum SWH hindcast in the area surrounding
the grid points (Fig. 8a).

The time series for the southeast coast (Fig. 8b) also
shows good agreement between TOPEX observations
and hindcast results. There is only one TOPEX data
point in the area for event IV. Also along the southeast
coast, the SWH bias is smaller when TOPEX data are
compared to the WAVEWATCH III maximum near to
the grid point. It is important to note that the phase of
the time evolution is roughly the same between the hind-
cast results (maximum or grid point value) and the TO-
PEX observations. Thus, the comparison to the maxi-
mum affects only the bias rather than the correlation
between time series.

b. The hindcast verification

WAVEWATCH III hindcast results showed that the
cyclones were associated with high sea waves at the
south and southeast Brazilian shores (section 5a). The
SWH hindcast is now objectively compared to the TO-
PEX data. In order to avoid swell propagation problems
near the boundaries, the comparison was performed ex-
cluding 108 around the boundaries in the WAVE-
WATCH III domain. It was also important to note that
the regional model application without the boundary
data has a systematic lack of background swells that
systematically contributes to a negative bias. The in-
clusion of near-boundary points in the verification tends
to reduce the correlation coefficient and increase the
root-mean-square error between the hindcast and the
TOPEX data. Thus for this verification, the domain was
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FIG. 6. Hindcast of the SWH (shaded areas) and wave direction (arrows) for cyclones (a) I at 0600 UTC 18 Apr,
(b) II at 1200 UTC 21 May, (c) III at 0000 UTC 31 May, (d) IV at 1200 UTC 30 Jun, (e) V 1200 UTC 14 Aug, and
(f ) VI at 0600 UTC 24 Sep. The numbers plotted in the northwest–southeast orientation in (b) represent the SWHs for
the TOPEX overpass. The shaded areas are in 1-m increments.
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FIG. 7. Hindcast time series of SWHs for the RS, SC, and RJ points near the Brazilian shore for cyclones (a) I, (b)
II, (c) III, (d) IV, (e) V, and (f ) VI.

considered to be between 508S–08 and 658W–58E for
all of the data available 48 h after the hindcast initial
time. The reader should note that the number of veri-
fication points depends on the event; that is, it is larger
than 1800 for cyclone II and only 128 for cyclone VI.
The total number of points for comparison is 6557 for
all six cyclones.

Figure 9 shows the error distribution (WAVEWATCH
III 2 TOPEX) of the SWHs considering all points. It
is possible to note that the hindcast performed well 80%
of the time, when the error was between 21.0 and 10.5
m. The overall performance shows that less than 5% of
the absolute values of the errors are greater than 2.0 m.
On the other hand, the negative errors happen more
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TABLE 3. Summary of the SWH hindcast results at points RS, SC,
and RJ for cyclones I–VI. The point locations are given in Fig. 5.

Cyclone

No. of h with SWH
higher than 3 m

RS SC RJ

Max SWH (m)

RS SC RJ

I
II
III
IV
V
VI

72
54
72
42
48

0

48
54
48
30
48
18

36
72
48
30
48
48

6.5
5.0
6.2
4.8
4.8
2.5

4.5
4.2
5.8
4.0
4.3
3.1

3.2
4.5
5.5
3.2
4.2
3.9

FIG. 8. Hindcast of the SWHs and TOPEX data near the (a) south
and (b) southeast coast of Brazil.

FIG. 9. SWH error distribution frequency. The error is defined as
the difference between WAVEWATCH III and TOPEX.

often than the positive ones. This shows a systematic
underestimation of the WAVEWATCH III hindcast of
SWH, at on average 0.47 m. The high correlation co-
efficient (0.9) obtained for all compared data is also
indicative of the good performance of WAVEWATCH
III for the intense extratropical cyclones. Despite the
fact that the bias is apparently high, two important points
should be considered. First, the bias is of the same order
of magnitude as the TOPEX SWH accuracy (Young
1999, 60.5 m). Second, the selected cases are intense
events and this tends to increase the differences between
the observations and the hindcast results. The obtained
bias is near the one found by Swail and Cox (2000) for
the hindcast over the North Atlantic Ocean. In that
study, they used the NCEP–NCAR reanalyses 10-m sur-
face wind field data and verified four hindcast months
against altimeter observations. In addition, Tolman et
al. (2002), in a verification of a 24-h forecast, using the
global WAVEWATCH III model compared to the Eu-
ropean Remote Sensing Satellite-2 (ERS-2), also showed
a negative bias (smaller than 20.15) in a large extension
of the Atlantic, north of 308S (see Fig. 7a of Tolman et
al. 2002). And for point comparison, they found a neg-
ative bias (20.01 m) between 308N and 308S and a
positive bias (0.10 m) to the south of 308S, but they
used more than 195 000 points, while in this work we
used only 6557 points.

The good quality of the hindcast was also verified by
examining individually each cyclone. Figures 10a–f
show the hindcast and the TOPEX SWHs for cyclones
I–VI, respectively, organized as separated tracks indi-
cated by vertical arrows. The hindcasts realistically cap-
ture rapid changes in the SWH, which are shown to be
in phase with the observational data. This is reflected
in the overall correlation coefficient of about 0.9 and it
indicates the close proximity between the two series of
data. Only cyclone VI shows a correlation of less than
0.8, and this lower value is probably the result of the
smaller sample size (Fig. 10f).

Although the WAVEWATCH III model performed
well, errors were high in some cases. Event III (near
count 9; Fig. 10c) showed an underestimation of more
than 100%. These higher SWH values, which were not
captured by the hindcast, had important implications in
the bias, which for cyclone III is 20.65 m. However,
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FIG. 10. Track composites of the SWH hindcast (solid line) and
TOPEX data (solid triangles) for the six cyclones: (a) I, (b) II, (c)
III, (d) IV, (e) V, and (f ) VI. The number in the abscissa represents
the different TOPEX swaths. Each track is indicated by a vertical
arrow. The bias (b), the correlation coefficient (r), and the rms error
are presented at the left top of the panels.
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TABLE 4. The bias (b), rms error, and correlation coefficient (r) for
SWHs and near-surface wind speed from WAVEWATCH III hindcasts
and TOPEX data. The statistical indices were calculated for SWH ,
5 m and SWH $ 5 m.

SWH

b Rms r

Wind

b Rms r

, 5 m
$ 5 m

20.41
21.05

0.66
1.59

0.86
0.70

20.66
23.41

2.56
4.51

0.71
0.69

TABLE 5. Contingency table between hindcasts and TOPEX data
using SWH of 3.0 m as the threshold value.

WAVEWATCH III
hindcast

TOPEX data

SWH $ 3 m SWH , 3 m

SWH $ 3 m
SWH , 3 m

1651 (25.2%)
803 (12.2%)

83 (1.3%)
4020 (61.3%)

other extreme values of SWH, as for instance counts 3
and 26 in cyclone V (Fig. 10c), were better hindcast
and the overall bias was consequently smaller, that is,
20.24 m.

Figures 10a–f also illustrate that the SWH for a calm
sea state is always smaller in WAVEWATCH III hind-
casts than in the TOPEX data, and this factor also con-
tributed to the negative bias.

One reason for the SWH hindcast underestimation is
the intensity of the 10-m surface wind data from the
NCEP–NCAR reanalysis, which is used to drive the
WAVEWATCH III model. The bias and the rms for the
SWH values below and above 5 m was computed sep-
arately (Table 4). For SWHs below 5 m these statistics
are 20.41 and 0.66, respectively. For SWHs above 5
m, they are 21.05 and 1.59, respectively. On the other
hand, the same indices were computed for the 10-m
wind from the NCEP–NCAR reanalysis data and for the
19.5-m wind from the TOPEX data. Both the bias and
the rms for the wind are considerably greater when the
SWH is higher than or equal to 5 m. Thus, it is likely
that the underestimated SWH values found in the hind-
cast are associated with the underestimated 10-m wind
intensity from the NCEP–NCAR reanalysis data. The
sea wave hindcast is very dependent on the 10-m wind
quality used to drive the wave model (Swail and Cox
2000; Cardone et al. 1996; Cavaleri and Bertotti 1997).
The hindcasting of extreme events is even more difficult,
and in some cases the utilization of the wind buoy ob-
servations to analyze the 10-m wind helps in improving
the wave hindcasts (Swail and Cox 2000; Cardone et
al. 1996). For example, Swail and Cox (2000) found a
reduction of 50% in the bias with the utilization of this
procedure. However, this approach was not possible in
the South Atlantic Ocean due to the lack of regular buoy
observations.

Table 5 presents a contingency table that brings the
results of a cross comparison between WAVEWATCH
III hindcasts and TOPEX data, using an SWH of 3 m
as threshold. The hit rate scored 86.5%, the false alarm
rate scored 1.3%, and the error rate was 12.2%. The
error happened when WAVEWATCH III did not hind-
cast SWHs higher than 3 m. This simple test indicates
that the model can be well applied to an alert system,
considering the hit rate as performance of the model.

6. Summary and conclusions

During the year 1999 strong surface winds were pro-
duced near the Brazilian coast in the South Atlantic
Ocean, as a consequence of extratropical cyclone activ-
ity. The six events responsible for the high sea waves
were identified for atmospheric analyses and surface
wave field hindcasts.

The three-dimensional characteristics of the atmo-
sphere during the development of the six extratropical
cyclones over the South Atlantic Ocean, between April
and September 1999, were examined through the use of
NCEP–NCAR reanalysis data. The composite atmo-
spheric fields showed weak cyclonic circulation at low
levels in the initial phase of the cyclone. In this initial
phase, the 10-m surface wind field was weak, about 4
m s21. At high levels, however, a trough and a jet stream,
on the western side of the surface cyclone, helped in
the intensification and maintenance of these cyclones.
In the mature phase, the vertical inclination of the high-
level trough with respect to the surface cyclones de-
creased. However, the composite surface cyclone at this
time is more intense than at initial stage. The presence
of a strong polar anticyclone, southwest of the surface
cyclone, increases the intensity of the near-surface wind
on the west side of the cyclone. The intensity of the 10-
m surface wind is up 14 m s21 on the south and west
sides of surface cyclone.

The hindcast of the sea state was performed using the
third-generation wave model driven by the 10-m wind
field from the NCEP–NCAR reanalysis data. The results
showed high sea waves when the six cyclonic events
moved over the South Atlantic Ocean. These waves
propagated toward the south and southeast Brazilian
coast where SWH hindcasts were above 5 m.

The hindcast verification was performed using the
TOPEX SWH observations. Considering all six of the
cyclones the verification showed a bias of less than 20.5
m and a correlation coefficient of 0.9. This high cor-
relation shows that WAVEWATCH III forced by 10 m
above ground level NCEP–NCAR reanalysis winds can
very well simulate the phase of the SWH when com-
pared to TOPEX data.

We speculate that these bias values are due to low
spatial resolution and the intensity of the near-surface
wind. Unfortunately, for past cases, the use of a more
appropriate wind field for wave hindcasts, as proposed
by Cardone et al. (1996) and Swail and Cox (2000), is
very difficult to apply in the South Atlantic Ocean, due
to the low density of near-surface observations. Nev-
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ertheless, the recent installation of a buoy network,
through PNBOIAS, will make possible the reanalysis
of the wind field for current and future events on wave
hindcasting procedures.

In this work the statistical results were conjectured
to be associated with the coarse spatial and temporal
near-surface wind field resolution. However, what was
not discussed was the sensitivity of these statistics to
the variation of the WAVEWATCH III resolution. To
address this issue, we plan to perform a sensitivity anal-
ysis of the WAVEWATCH III model in both frequency
and direction, as well as horizontal resolution, using the
same extratropical systems in a future work.
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