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ABSTRACT  
  
  
  
An investigation is made of the quality of a publicly available atmospheric reanalysis as  

potential sources for winds driving wind-wave hindcasts, focusing on extreme sea state  
applications in the South Atlantic Ocean, namely the Climate Forecast System Reanalysis  
(CFSR/NCEP). Significant CFSR surface wind biases are found relative to buoy and satellite  
measurements, particularly in upper-percentiles. Two different approaches for calibration of the  
CFSR wind data are presented and compared. One applies a simple linear regression model, with  
coefficients obtained from the comparison of CFSR against buoy data. The second is a method  
where deficiencies of the CFSR associated with severe sea state events are remedied, whereby  
“defective” winds are replaced with satellite data within cyclones. Linear regression generally  
increases in around 5% to 6% CFSR wind intensities. However, the process still retains an  
underestimation by CFSR of up to 25% of remotely-sensed winds within strong extra-tropical  
storms. Under intense cyclonic conditions, the proposed method of blending satellite-derived  
cyclonic wind fields with background CFSR data proves effective, leading to a better  
representation of winds both during ambient or extreme conditions. Six alternative wind data sets  
are built to force the wave model WAVEWATCH III, focusing on the South Atlantic.  
Assessment of results points to a significant advantage of combining both CFSR wind  
adjustment methods, which jointly produce high-quality winds with benefits for wave hindcasts  
and general applications including extreme wave analysis.   

  
Keywords: wind reanalysis; extreme analysis; wind-wave hindcasts; cyclones; wind  

calibration; South Atlantic Ocean.  
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1. Introduction 
 
Coastal regions in several South American countries are exposed to extra-tropical and sub-

tropical cyclones occurring in the South Atlantic Ocean, which can pack strong winds leading to 
marine and coastal hazards. Fortunately, most cyclone tracks involving extreme systems do not 
hit these regions directly. However, the oceanographic effect of the southerly fetches and cold 
fronts in the western part of the ocean result in extreme events of combined storm surge and 
wind-waves. Many losses and accidents are reported every autumn and winter in shorelines 
exposed to the South Atlantic, due to the effect of extreme waves and surges. Thus, the proper 
representation of extreme winds associated with cyclones in the South Atlantic Ocean is a key 
effort to improve short-term forecasts and warnings, as well as long-term extreme analysis for 
met-ocean design criteria in that ocean basin.  

The current work proposes an approach to construct a database consisting of improved surface 
wind speeds for ocean modeling applications, focusing on cyclonic conditions with potential to 
generate severe marine weather conditions in the South Atlantic Ocean. The approach developed 
in this study has provided the foundation to the development of a wave hindcast and extreme 
wave analysis database described in Campos et al (2017). Data used presently are obtained from 
the Climate Forecast System Reanalysis (CFSR; Saha et al., 2010), based on selection criteria 
discussed below.  

The improved wind database is achieved via the application of two methods of wind 
calibration using buoy measurements and satellite data, which are discussed and compared. The 
methodology is implemented to surface winds at the 10-meter height only, which is the target 
variable in this present paper, as this is the primary parameter driving wind-waves and surges. 
Campos et al. (2017) addresses the construction of a wave hindcast database built using the state-
of-the-art wind-wave model WAVEWATCH III (Tolman et al., 2014) and the wind fields 
developed presently. 

Winds, waves and currents are the most important environmental loads that act on ships and 
offshore structures (Bitner-Gregersen et al., 2015). Historically, this concern led the Brazilian 
Navy, alongside universities and the Brazilian Oil Company PETROBRAS, to increase the 
amount of observations made in the south and southeastern Brazilian regions. There, due to a 
much larger scale of offshore operations relative to other parts of the country, information about 
the local metocean climate is relatively more abundant. Taking advantage of the relative wealth 
of data in those regions, Souza (1988) and Parente and Souza (1989) made initial studies about 
the climatology of sea states in Campos Basin (offshore waters in the north of Rio de Janeiro). 
Their results described the persistence of wind seas and mid-frequency waves coming from 
northeast, generated by the semi-permanent South Atlantic anticyclone, occurring together with 
swells coming from south that were occasionally associated with much higher waves. Other 
studies, such as Alves (1996) confirmed that similar wave climate patterns also occurred in the 
southern coast of Brazil. 

Hence, in the late 80’s and early 90’s, the bi-modal nature of the local wave climate in south 
and south-eastern Brazil was outlined and started to be intensively studied. Parente (1999) 
developed a new technique to process heave-pitch-roll wave buoys, named Directional Analysis 
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with Adaptive Techniques (DAAT), which allows accurate estimations of direction and energy 
of different wave groups coexisting in the same frequency. It made possible the investigation of 
separate sea states generated by different meteorological systems occurring in the same location. 
Such interest led to several other studies since the late 90’s, which have contributed to the 
knowledge about the wind and wave climate offshore the south and southeastern coasts of Brazil. 

Parente (1999) followed by Pinho (2003) propose dividing the wave climate in southeastern 
Brazil into four categories: 

1. “Bom Tempo” (good weather) with swell; 
2. “Bom Tempo” (good weather) without swell; 
3. “Mau Tempo” (bad weather) with storm winds from southwest; 
4. “Mau Tempo” (bad weather) with storm winds from southeast. 

Categories 1 and 2 are found when the large sub-tropical anticyclone is dominant, with light 
to moderate winds from northeast, normally associated with clear sky and small waves in high 
frequencies – up to 2.5 meters of height and 6 seconds of period. They represent the most 
common condition in the large coasts of Sao Paulo, Rio de Janeiro and Espirito Santo states. 
Occasionally, swells generated by distant cyclones in southern latitudes propagate towards Brazil 
with high periods and sometimes high waves; this condition represents a major threat to ships 
and offshore structures due to the highly energetic bimodal sea state. Accurate forecasts under 
these conditions are extremely important, but are considered a great challenge due to the 
complex wave generation process involving many meteorological systems, some of them very 
far from Brazil, and to the lack of in-situ measurements that could assist a proper analysis of 
atmospheric conditions. 

 
 

 

Figure 1 Main cyclogenesis areas extracted from Reboita (2008) on the left and cyclone tracks associated with 
extreme waves in southeastern Brazil extracted from Campos (2009) on the right. Both studies are based on 

NCEP/NOAA reanalysis-1 winds (Kalnay et al., 1996). 

 
Categories 3 and 4 are associated with cold fronts, cloudy and rainy weather and strong winds 

from low pressure systems. The south and southwest winds and waves compose the most 
extreme conditions; the highest waves are those generated by cyclones at mid-latitudes with 

A B 
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positions discussed by Campos et al. (2012) and Dragani et al. (2013), illustrated in Figure 1. 
Although winds and waves from the southeast and east are not associated with the highest 
extremes, the coastline orientation makes this family of events an important threat to several 
major states in the southeastern and southern Brazilian seaboard, including Rio de Janeiro 
(Godoi et al., 2014), Rio Grande do Sul and Santa Catarina (Alves, 1996; Alves and Melo, 
2001), extending into Uruguay and Argentina (Dragani et al., 2013; Alonso et al.,2015. 
Therefore, the severity of metocean extremes in Brazil are dependent on the position of fetches 
and cyclone tracks, as discussed by Alves (1996) and Campos et al. (2012) in terms of wave 
heights, and by Campos et al. (2010) in terms of storm surges. 

A description of the main cyclonegetic areas in the Southwest Atlantic Ocean, and of the 
cyclone tracks associated with highest waves are provided in several previous studies (e.g., Gan 
and Rao, 1991; Sugahara, 2000; Reboita, 2008). Figure 1 presents some results from Reboita et 
al. (2009) and Campos (2009), summarizing the identification of a significantly large oceanic 
area in the South Atlantic where surface winds are sufficiently strong to generate extreme waves 
offshore of south and southeastern coasts of Brazil.  

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2 - Buoy locations (A) and duration of available measurements (B). Rio Grande do Sul (RS), 
Santa Catarina (SC), Rio de Janeiro (RJ) and Espirito Santo (ES). 

Considering the large swaths involved with wave generation in the area of interest to our 
investigation, and the poor coverage by in situ platforms in Brazil, the use of satellite data 
became an important source of data in the present study. Despite the heavy dependence on 
remotely-sensed data, a limited number of buoys was used to provide “ground truth” in this 
study. Figure 2 illustrates buoy measurement sites selected for this paper. Data from other buoys 

A 
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were provided by private companies in the oil & gas industry with restrictions (e.g., only 
information of some extreme events were retained). Despite the limited data set provided by such 
buoys, they provide an important source of data to evaluate both numerical model and satellite 
data. In addition to measuring waves, buoys (1), (2) and (5) carried meteorological instruments 
and provided wind data and other atmospheric variables that were presently (see, e.g. section 3).  

 

 

Figure 3 QuikSCAT satellite track, with colors and representing different swaths in hours (left). Additional 
scatterometer missions and durations (from Zhang et al., 2006; right). 

 
The available remotely-sensed wind data used here, as well as the duration of the associated 

satellite missions are shown in Figure 3. Relative to previous decades, the amount of satellite 
observations has significantly increased since the early 2000’s. The left panel in Figure 3 
illustrates the passage of QuikSCAT (JPL, 2001) within the region of interest. It is important to 
note some gaps between satellite passages as well as the time interval between tracks. This 
represents a great challenge when using satellite data to investigate the evolution of cyclones that 
have quick generation and displacement, especially when associated with extreme events. 
Therefore, using only the QuikSCAT data would be insufficient to properly describe cyclones, 
and a larger data source of remotely-sensed winds was sought after and found within the 
SeaWinds (NCDC/NOAA; Zhang et al., 2006) database. Coverage provided by the latter is seen 
in Figure 3 from data available at nomads.ncdc.noaa.gov/data/seawinds/uv/6hrly/netcdf/. 
SeaWinds data are used in association with QuikSCAT data in the present study to evaluate and 
calibrate the CFSR reanalysis, as described below. 

 
 

  

http://nomads.ncdc.noaa.gov/data/seawinds/uv/6hrly/netcdf/
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2. The CFSR surface winds reanalysis 
 
The common problem of lack of in-situ measurements increases importance of weather and 

climate reanalyses in several engineering applications. The problem is more critical for ocean 
sciences in the Southern Hemisphere basins, where measurements are much scarcer than other 
basins in the Northern Hemisphere. In the former regions, the lack of observations, nevertheless, 
reduces the quality of reanalyses, affecting therefore using its data as forcing in wind-wave 
hindcasts. The present study proposes an effective approach towards solving the latter problem, 
namely the application of wind-wave hindcasts forced with corrected reanalyses from the US 
National Centers for Environmental Prediction (NCEP), focusing on extreme wave analysis in 
the South Atlantic Ocean basin.  

Corrections made to improve the quality of wind reanalyses consist of simple linear 
regression adjustments, associated with the use of measurements to improve extreme cyclonic 
winds near the ocean surface, where measured data is not necessarily assimilated with 
appropriate weight. The latter approach is not new, and has been implemented in previous 
studies, including Powell et al. (2010), who used a large number of observations to reconstruct 
the surface winds of Hurricane Katrina. However, applications of surface wind corrections 
within cyclones on a global or basin-wide scales for the purposes of generating wave hindcasts 
has not been widely explored. 

NCEP and the European Center for Medium-Range Weather Forecast (ECMWF) have been 
producing state-of-the-art reanalysis products for the last three decades (Kalnay et al., 1996; 
Kistler et al., 2001; Gibson et al., 1997; Uppala et al., 2005; Dee et al., 2011). The most recent 
NCEP reanalysis database was generated as part of the Climate Forecast System Reanalysis 
project (CFSR, Saha et al, 2010). The CFSR reanalysis is a global product covering the period 
1979 to 2009 in its first release. The wind fields have resolution of 18.5’ (~0.31°) and 1 hour, but 
are distributed in a ½° global grid. The CFSR reanalysis uses the NCEP atmospheric Global 
Forecast System (GFS) with a robust data assimilation system. A detailed description is provided 
in Saha et al. (2010). CFSR data is freely available to the public2. 

Stopa and Cheung (2014) evaluated the flagship reanalyses from NCEP and ECMWF, CFSR 
and ERA-Interim, respectively. They pointed at some discontinuities in the CFSR in the South 
Atlantic Ocean, which was confirmed in a recent application of the CFSR to wind-wave 
hindcasts (Chawla et al, 2013). In the context of the present study, Stopa and Cheung (2014) 
found important divergences between both NCEP and ECMWF reanalyses for the higher wind 
percentiles, mainly for the top 1% level. The authors conclude that both reanalyses underestimate 
extreme events above the 95% percentile. According to their results, ECMWF’s ERA-Interim 
underestimates the upper percentile measurements by 8% on average, whereas NCEP’s CFSR 
shows better agreement with observations, with an underestimation of 3% on average. This 
better agreement between CFSR and observed upper percentiles extends to the 99.8% mark, 
when the quality deteriorates significantly. Results of Stopa and Cheung (2014) were later 
confirmed by Campos and Guedes Soares (2016b) with an evaluation of CFSR and ERA-Interim 

                                                 
2 http://nomads.ncdc.noaa.gov/data/cfsr/ 
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using GlobWave satellite data; they confirmed the better performance of CFSR under severe 
wind conditions. 

Among available surface winds from global reanalyses, the CFSR was selected for our study 
because of the availability of public data at higher spatial and temporal resolutions, and for its 
better performance at higher wind speed percentiles. The reasoning may be summarized as 
follows: 

• Higher resolution: the focus of this paper is on extreme events and the spatial and 
temporal resolution is of great importance for the proper simulation of cyclones and 
extreme waves, as discussed by Cavaleri and Bertotti (2004), Cavaleri and Bertotti (2006) 
and Cavaleri et al. (2007); 

• Performance of the higher percentiles: as described by Stopa and Cheung (2014), the 
CFSR surface winds are in better agreement with measurements under extreme events; 

• Portability for operational applications: CFSR was produced with the GFS model, which 
is also used operationally at NCEP. Therefore, the methodology applied in the present 
study using a NCEP hindcast can be adopted and implemented for NCEP forecasts; 

• Both CFSR and the operational GFS provide publicly available datasets, which favor 
usage and replication of the results reported presently by the public, which is not the case 
of ECMWF forecast products. 

The next two sections evaluate CFSR 10-meter winds against buoy and satellite data. Only the 
wind intensity is analyzed. It is important to note that buoy data used for the assessment are 
independent – e.g., were not assimilated into the CFSR reanalysis; while QuikScat scatterometer 
data were assimilated into CFSR for the period from 2001 to 2009. 

 
 
3. Evaluation of CFSR wind speeds relative to buoys 
 
In-situ metocean data available for validation during the study period are limited to buoys 1, 2 

and 5, shown in Figure 2. However, buoys 2 (N Rio Grande do Sul) and, especially, buoy 5 
(Espirito Santo) have very limited duration. Buoy 1 (S Rio Grande do Sul), produced data for the 
period between 2002 and 2004. Therefore, it will be the main source of observations to evaluate 
CFSR winds. For reference, results for buoys 2 and 5 are also provided. Buoys 1 and 2 are Axys 
buoys with two anemometers at 3.7 and 4.7 meters, whereas buoy 5 is an experimental platform 
developed in Brazil with anemometer at 3.0 m height. In all cases, winds must be converted to 
the height of 10 meters, matching the CFSR data. For that purpose, we use the LKB method 
described by Liu et al. (1979), which corrects wind speeds using a logarithmic profile adjusted to 
atmospheric stability, taking into account the air and sea temperatures, atmospheric pressure and 
humidity – also measured at the buoys. All buoys considered each hourly wind as the 10-minutes 
average. 

Validation statistics used henceforth for wind and wave parameters are: mean error (ME), 
correlation coefficient (CC), scatter index (SI) and root mean square error (RMSE) as follows. 
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𝑀𝑀𝑀𝑀 =
∑ (𝑆𝑆𝑖𝑖 − 𝑅𝑅𝑖𝑖)𝑛𝑛
𝑖𝑖=1

𝑛𝑛
 (1) 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �∑ (𝑆𝑆𝑖𝑖 − 𝑅𝑅𝑖𝑖)2𝑛𝑛
𝑖𝑖=1

𝑛𝑛
 (2) 

𝑆𝑆𝑆𝑆 =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑆𝑆̅

 (3) 

𝐶𝐶𝐶𝐶 =
∑ (𝑆𝑆𝑖𝑖 − 𝑆𝑆̅)(𝑅𝑅𝑖𝑖 − 𝑅𝑅�)𝑛𝑛
𝑖𝑖=1

(∑ (𝑆𝑆𝑖𝑖 − 𝑆𝑆̅)2𝑛𝑛
𝑖𝑖=1 ∑ (𝑅𝑅𝑖𝑖 − 𝑅𝑅�)2𝑛𝑛

𝑖𝑖=1 )1/2 (4) 

 
where 𝑆𝑆 are the observations (buoy or satellite measurements), 𝑅𝑅 are the reanalysis values, the 

overbars indicate mean values through time and 𝑛𝑛 denotes the number of data pairs. Error 
metrics were calculated for co-located pairs of buoy and reanalysis data points. Since the main 
focus in the present study is on extreme events, the same metrics were also calculated for the 
values above the 95% and 99% percentiles. Finally, the ratio between the CFSR quantile divided 
by the buoy quantile were also computed, for the same levels of 95% and 99%, which means the 
inverse of the Cumulative Distribution Function (CDF) of the reanalysis related to the buoy. 
Whenever this ratio is above 1.0, the wind speed of CFSR is greater than the buoy and when it is 
below 1.0 the wind speed of the buoy is greater than CFSR. This ratio can be useful to visualize 
any possible overestimation or underestimation of CFSR for different intensity levels. 

 
Table 1. CFSR winds compared to three offshore buoys in Brazil. Error metrics are also applied to 

values above the 95% and 99% percentile levels (p95 and p99 labels). Metrics are correlation 
coefficient (CC), mean error (ME), root mean square error (RMSE), and scatter index (SI). 

buoy CC ME RMSE SI 

1 0.85 -0.08 1.47 0.45 

2 0.85 1.17 1.76 0.23 

5 0.67 1.93 2.22 0.30 
     

buoy ME.p95 RMSE.p95 Si.p95 ME.p99 RMSE.p99 Si.p99 
𝑄𝑄𝑄𝑄𝑝𝑝95𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑄𝑄𝑄𝑄𝑝𝑝95
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 

𝑄𝑄𝑄𝑄𝑝𝑝99𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑄𝑄𝑄𝑄𝑝𝑝99
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 

1 0.51 2.58 0.15 0.66 1.67 0.08 0.95 0.96 

2 1.14 3.36 0.18 1.06 2.09 0.10 0.91 0.94 

5 -0.48 0.99 0.08 -0.88 1.60 0.12 0.82 0.96 

 
 
Table 1 presents bulk results, including upper percentiles (more severe sea states). Before 

making assertions on the quality of CFSR winds relative to available buoy data, two limitations 
must be considered. First, the short measurements duration at buoys 2 and 5 cast doubts on the 
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reliability and statistical significance of their data. Second, even considering the longer buoy 1 
dataset, measured 95% and 99% percentiles had most intense winds at 14 and 17 m/s, 
respectively, which also cast doubts to their being representative of “true” extreme conditions. 
Therefore, the term “extreme” referring to upper percentiles in Table  indicate wind intensities 
above 14 m/s – which for several other locations with severe climate would not be at all extreme. 

Table  shows a relatively good agreement between CFSR and buoy data, with CC around 0.8 
and small ME and RMSE. On the other hand, the SI is reasonably high, which indicates that ME 
and RMSE are low partially due to the small intensities and not necessarily because of the good 
accuracy of CFSR. For general conditions (upper lines of the table) at buoy 1, CFSR slightly 
overestimates wind intensities, whereas at buoys 2 and 5, CFSR underestimates them. Moving to 
the upper percentile of 95%, the ME increases at buoy 1 and CFSR starts to underestimate the 
events. ME values increase even more at the percentile of 99%. The ME and RMSE become 
higher under extreme conditions, whereas SI are reduced. Therefore, the reanalysis does not 
necessarily deteriorate moving to extreme events; the precision showed small changes and the 
accuracy indicated an increasing reanalysis underestimation at buoy 1 with intensity. 

 

 

Figure 4 – Scatter plot (on the left; A, D), QQ-Plots (center; B, E) and Probability Density Function (on the 
right; C, F) comparing the CFSR wind intensities (y-axis) with buoy wind intensities (x-axis). The first line 

(A, B and C) represents buoy 1 while second line (D, E and F) represents buoy 2. 

 

A B C 

D E F 
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An alternative way to analyze the performance of the reanalysis with the intensity is by 

looking at the scatter plots, QQ-plots and probability distributions, shown in Figure 4. The 
scatter plots indicate a large spread of co-located CFSR and buoy data. The QQ-plots indicate a 
good representation of CFSR winds for wind intensities up to 10 m/s. From that point, CFSR 
moderately, but consistently underestimates higher wind speeds. The probability density 
functions show that the shape of the functions diverges, mainly in terms of kurtosis, which 
impacts long-term distributions fit and extrapolations. 

 

 

Figure 5 – Summary of results comparing CFSR wind intensities with buoy data. Taylor Diagram 
(BLT) on the left; the red square and red circle dots are buoys 1 and 2, at Rio Grande do Sul, while 
the green circle is buoy 5, at Espirito Santo. Quantile ratios for 95% and 99% levels on the right. 

 
Validation statistics are further summarized in Figure 5, showing an inverted Taylor diagram 

(Taylor, 2001), the so-called BLT diagram adapted by Alves et al. (2014). The correlation 
coefficient, normalized standard deviation and the root mean square difference for each buoy are 
presented in the same plot. Buoys 1 and 2 are overlapped on the diagram, with very similar 
results, while buoy 5 has very different metrics with large differences between CFSR and buoy. 
Three reasons might create these differences in buoy 5: further north position, with a different 
wave climate; the short duration of the measurements (which makes direct comparisons with 
buoys 1 and 2 inappropriate); and the buoy construction and type, representing an experimental 
instrument with lower reliability. Figure 5, on the right, shows the extreme quantile ratios, 
confirming the small underestimation of CFSR that does not increase from 95% to 99% 
percentile – in fact there is a small reduction of the underestimation at the 99% level. 

Although the CFSR evaluation using buoy data is a relevant first step to qualify the 
reanalysis, the available buoy dataset is not sufficient for a proper statistical analysis, regarding 
both temporal and spatial coverage. In the next section, this limitation is attenuated via the use of 
satellite data, which makes possible a better evaluation of the cyclonic winds that generate the 
most extreme waves during the period 2002 to 2009.  

 

A B 
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4. Evaluation of CFSR relative to scatterometer winds 
 
 In this section surface wind speeds from the CFSR are compared to measurements made 

by QuikSCAT during severe weather events associated with extreme significant wave heights 
(Hs) in the western South Atlantic. Comparisons are made using a grid with resolution of 0.25° 
X 0.25° and preserve the time of QuikSCAT tracks, whereby CFSR data are interpolated in 
space and time to match measurements. This approach allows building pairs of co-located CFSR 
and QuikSCAT data for any given QuikSCAT track. Given the goal of the present study to 
improve CFSR surface winds associated with extreme wave events in Brazil, wave 
measurements were used to select the periods when extreme wave heights occurred. For this 
purpose, extreme conditions were elected whenever wave heights exceeded the 99th percentile. 
Using this criterion, a total of 47 events were identified, and time series of paired CFSR and 
QuikSCAT data were generated accordingly, including 72h lead up before the observed time of 
maximum wave height. 

The use of QuikSCAT data under extreme wind conditions above 20 m/s might be considered 
questionable, since the scatterometer has increasing uncertainties for high intensity storms with 
heavy clouds (Freilich and Vanhoff, 2006; Quilfen et al., 2007). However, Quilfen et al. (2007), 
after performing a complete evaluation of QuikSCAT data, found that wind vector retrieval 
under extreme condition is feasible. Besides, the conditions considered “extremes” in extra-
tropical cyclones in the southwest Atlantic are much less intense than those associated with 
tropical cyclones in the North Hemisphere. 

 
Table 2 - The nine most extreme events of Hs measured by Brazilian buoys in  

deep waters until 2010. Hs (meters). Tp (seconds). Dp (degrees). 
Date Hs (m) Tp (s) Dp (°) 
28/06/2006 6.11 11.8 221.5 
30/07/2006 7.05 13.7 209.7 
29/07/2007 6.13 13.8 208.0 
25/09/2007 6.41 12.6 213.9 
16/06/2008 7.61 13.4 207.6 
11/04/2009 6.20 14.9 200.3 
29/05/2009 6.01 14.0 193.6 
21/08/2009 6.05 10.9 155.5 
13/12/2009 6.67 12.1 145.4 

 
 

Looking carefully at each event individually is critically important but very time consuming 
when 47 cases are involved. Therefore, a bulk analysis is presented. For the purpose of 
illustrating the more detailed analysis carried out, nine most severe events were selected from the 
sample of 47, as indicated in Table . In agreement with studies reviewed in our introductory 
section, the nine selected extreme events are associated with peak wave periods from 11 to 15 
seconds, and directions from southeast to southwest. Most part of the events occurred during 
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winter and fall - only one event was registered during summer. Below, an analysis of each of the 
selected nine events is provided, focusing on the general synoptic features, as well as the quality 
of CFSR data relative to QuikSCAT. 

 

 

Figure 6 – Evolution of the most extreme event of significant wave height, in July of 2006. The top 
plot shows the time sequence of power spectra. The significant wave height (Hs) and spectral peak 

period (Tp) are plotted bellow it. The red dot indicates the instant of maximum wave height. 
 
For the selected period, the most extreme Hs event occurred on July 30 2006. Figure 6 shows 

the time evolution of 1D spectra, alongside time series of Hs and peak period (Tp). It is possible 
to see the fast growth of waves and periods, starting during the last hours of July 29 and with the 
peak in the afternoon of July 30. Synoptic conditions shown in Figure 7 reveal that a cold front 
with strong southerly winds hit the southeast coast of Brazil before the maximum of wave 
heights, as indicated in the spectral evolution of Figure 6. The fetch is associated with a cyclone 
generated around the mouth of Rio de La Plata, between Uruguay and Argentina, at around 38°S. 
The cyclone quickly propagated towards east, then southeast, creating a very large fetch that 
dominated the left part of the cyclone. As seen in Figure 7, winds initially generated waves 
within a relatively short-to-medium fetch with intense winds of 25 m/s on the July 29. As the 
cyclone evolved, a much larger fetch developed on July 30, with lighter winds of 15 m/s. 

Figure 7 panels D, E and F illustrate the difference between QuikSCAT and CFSR surface 
winds. Although CFSR reanalysis assimilated QuikSCAT from 2001 to 2009, the evolution of 
the cyclone shows that CFSR consistently underestimates measurements within the cyclone, 
especially at the left part of the low pressure system associated with southerly winds, indicating 
the weight of surface winds assimilation was not significant. Differences are around 5 m/s in a 
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relatively small area with strong winds, and from 2 to 3 m/s over the larger fetch. This represents 
an underestimation of 10% to 25%, in areas where QuikSCAT is more intense than CFSR. 

 

 

Figure 7 - Surface winds in the South Atlantic Ocean, synoptic evolution that generated the most 
extreme waves recorded in Brazil, in July of 2006. First line (A, B and C): SeaWinds 10-meter 

winds (m/s). Second line (D, E and F): QuikSCAT winds minus CFSR winds (m/s). 
 
Other extreme events from Table 2 were also analyzed in the same way. In all cases, 

cyclogenesis, fetch positioning and evolution were very similar. CFSR underestimation was 
present in all the extreme events, as in Figure 7, with differences from 2 to 5 m/s in regions of 
higher wind speed. It is important to note that areas with the largest CFSR underestimation were 
found to be very close to the center of the cyclone. Unfortunately, in all selected events cyclonic 
winds did not affect directly any of the available buoys, so the worst cases of misrepresentation 
of CFSR winds could not be measured and presented in Table  and Figure 4 and Figure 5 – 
which increases the importance of an independent evaluation using satellite data. 

Considering that the atmospheric conditions in the South Atlantic Ocean associated with the 
most extreme Hs events are reasonably similar, and the analysis and inclusion of many figures 
would make this paper unnecessary long, it was decided to present a composition of all extreme 
events in terms of the average surface winds before the peak of the wave measurement. We call 
these images “composites”, and they indicate regions containing the most differences between 
CFSR and QuikSCAT, as well as the time evolution of the CFSR underestimation areas. 
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4.1. Cyclone Identification 
 
Prior to building composites, a cyclone tracker based on Murray and Simmonds (1991), 

Sugahara (2000), Reboita (2008) and Kurihara et al (1993) was implemented to identify the 
center of cyclones and to calculate maximum and average parameters of atmospheric variables 
within storms. The method consists of identifying all cyclone positions in the domain with 
latitudes 87°S to 5°S and longitudes 82°W to 22E°, from 2002 until 2009, using the mean sea 
level pressure and zonal and meridional surface wind fields. In addition to Murray and 
Simmonds (1991), the algorithm constructed is also based on Gan and Rao (1991), Sugahara 
(2000), Reboita (2008), Reboita et al. (2009) and Campos (2009).  

First, a window is defined with 24° X 24° of latitude/longitude encapsulating the input fields, 
where a search is performed for local minimum values of vorticity (negative in the southern 
hemisphere) and pressure, both at the surface. This initial identification forms a group of 
candidate storms that then have to pass criteria such as maximum vorticity, maximum mean sea 
level pressure and minimum wind speed. After many sensitivity tests, the mean sea level 
pressure was set as secondary variable and the vorticity and pressure gradient became crucial to 
identify the stronger cyclones. 

 

 

Figure 8 - Cyclone event at 12Z on 27/12/2006. Left figure (A): Original CFSR 10-meter wind field. 
Center (B): Disturbance CFSR field, removing low frequency atmospheric waves (Kurihara et al., 
1993). Right (C): Vorticity field highlighting the center of the cyclone and the cyclonic circulation. 

 
Initial results indicated that South Atlantic cyclone vary significantly in terms of size, 

intensities and evolution, confirming previous studies by Reboita (2008) and Reboita et al. 
(2009). Therefore, by using the same restriction values for the cyclone identification in the whole 
domain, some areas were benefited and others became too restrictive. For instance, cyclones in 
southern latitudes were easily detected while less intense cyclones close to Brazil were missed. 
The correlation between cyclone intensity and cyclonic variables were calculated, which pointed 
a strong relation between intensity and latitude. Hence, instead of using the same criteria for the 
entire domain, new criteria were re-defined as a function of latitude. This allowed a better 
identification of cyclones closer to the coast and within subtropical latitudes, which are essential 
for the present study. 

Subsequent results confirmed that the algorithm was working correctly. However, a few small 
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cyclones were still missing, including the hurricane-like cyclone Catarina (Silva Dias et al., 
2004; Pezza and Simmonds, 2006; Pereira Filho and Lima, 2006), one the most extreme storm 
events ever recorded near the southern Brazilian coast. It was soon found that the reason for the 
non-detection was not the cyclone tracking algorithm, but the input CFSR fields misrepresenting 
some extreme events with small dimensions, quick evolution and strong winds confined to a 
small area. This was overcome by performing a second round of cyclone identifications using an 
alternative source: blended surface winds measured by satellites, available from the SeaWinds 
blended database. Due to unavailability of mean sea level pressure, identification was made 
using surface winds and vorticity only. In order to enhance vortices and events with strong 
vorticity, the method of Kurihara et al. (1993) was applied, which facilitated the identification, as 
illustrated in Figure 8. Test runs for 2006 revealed that 8.45% of the cyclones in that year were 
successfully identified in the SeaWinds database but not in the CFSR. On the other hand, 12.67% 
were identified using CFSR and not in SeaWinds, whereas 3.07% of the cyclones identified in 
the latter had incorrect calculated positions, probably due to the lack of additional variables such 
as the mean sea level pressure. 

 

 

Figure 9 - Occurrence of individual cyclones identified (on the left) and average maximum wind 
speed (m/s), at 10-meters level, within the cyclones (on the right). 

 
Final cyclone occurrences and positions for the whole period were built as a composition of 

the two identification processes, with CFSR and SeaWind combined, prioritizing CFSR 
identification. A database was created including latitudes, longitudes, dates, minimum, 
maximum and mean wind intensities, vorticities and pressures for each cyclone. Figure 9 
presents a spatial view of results. On the left, the occurrences of cyclones show a high density at 
35°S, close to Uruguai and Rio Grande do Sul. Although the cyclone identification is larger 
around this latitude, the greatest intensities are found below 40°S. Events at north of 35°S 
present much lower values of wind speed than those at extra-tropical latitudes. Campos et al. 
(2012) discuss this balance between positioning and intensity associated with the severity of 
extreme events in Brazil. 
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4.2. Composites of extreme winds 
 
The cyclone identification was applied to the 47 extreme events selected on the basis of buoy 

data. Table  shows the average position of associated cyclones, average wind speed, average 
mean sea level pressure and maximum wind speed. The number of selected events is related to 
the top 1% independent events measured by the wave buoys - in all cases they were generated by 
cyclones. The first column of Table  shows 72-hour periods before the peak of the extreme event 
as measured by the buoy. In most cases, cyclogenesis occurred 48 hours before the peak waves. 
However, some cases had a longer wave build-up process, so a 72-h period was added. 

 
Table 3 - Average position and variables of the cyclones associated with the 47 extreme events of 
wave heights measured by metocean buoys in Brazil. The average is calculated for each instant 

before the maximum wave measured, from 00 hours to 72 hours before. MSLP: Mean Sea Level 
Pressure (hPa). 𝑼𝑼𝟏𝟏𝟏𝟏𝟏𝟏: 10-meters wind intensity. 

Lead Time Lat Lon MSLP (hPa) 𝑈𝑈10𝑚𝑚������� 𝑈𝑈10𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎 

00 -39.03 -38.47 961.9 12.10 28.52 

06 -39.53 -37.09 958.6 12.02 27.70 

12 -39.46 -38.44 961.8 11.83 31.36 

24 -40.80 -38.05 962.8 12.53 29.29 

48 -41.22 -41.62 949.4 13.81 30.04 

72 -41.32 -41.28 964.6 11.94 31.30 

 
In terms of cyclogenesis and position, the latitude changes little through the cyclone evolution 

prior to the extreme wave events in Brazil, around 40°S, whereas the longitudinal track moves 
towards east. The mean sea level pressure (MSLP) has the lowest values at 48 h and 6 h, while 
the average wind speed has highest values 48 h before the peak of the wave measurements. 
Maximum winds within cyclones are most intense 12 h before peak measured waves. Both wind 
speed and mean sea level pressure show lower intensity at the time of the peak of the waves.  

Figure 10 summarizes the error of composites of CFSR surface wind speeds relative to 
measurements, for up to three days before peak wave occurrence, considering the top 1% of 
extreme wave events measured by available buoys. The overall highest values seen in Figure 8 
are damped, as a consequence of spatial averaging applied to maximum cyclone winds that are 
restricted to small areas, leading to a mismatch in positioning from one cyclone to another. 
Regardless, the spatial distribution clearly shows some important characteristics governing the 
occurrence of wave extremes. Average wind intensity and direction confirm the well-known 
persistence of southwesterly winds in southern Brazil, Uruguay and northeast Argentina. 
Strongest winds are found again 48 h before wave maxima are observed. Agreeing with Figure 8, 
the intensity of surface winds drop around the time of maximum wave height occurrence. 
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Figure 10 - Composites of wind intensity (first and third lines, m/s) and wind intensity difference of 
QuikSCAT minus CFSR (second and fourth lines, m/s). Average at each hour before the maximum 

wave measured in Brazil, from 00 hours to 72 hours before. 
 
 
 

A1 B1 C1 

A2 B2 C2 

A3 B3 C3 

A4 B4 C4 



 
17 

 

Rows 2 and 4 in Figure 10 present the differences in wind intensity QuikSCAT minus CFSR. 
Maps confirm that CFSR generally underestimates intensities in the area of maximum winds, 
mainly associated with southerly directions.  The average underestimation varies from 1 m/s to 2 
m/s, especially in the western part of the Atlantic Ocean, close to the coasts of Argentina, 
Uruguay and Brazil. The evolution in time indicates a displacement of the CFSR underestimation 
area, following cold fronts coupled with the tracked cyclones. Underestimation becomes more 
significant 48 h prior to maximum waves, mostly at southern latitudes. Around 24 h prior to 
maximum waves, the largest underestimation (red shaded areas) shifts northward, nearing 
southeastern Brazil and 20°S. In the 12 h lead to maximum measured waves, the underestimation 
persists with more or less the same spatial extent, having a small spread towards eastern 
longitudes. Surface winds are the most important variable for the numerical wave forecasts. 
Figure 10 maps regions that must be carefully investigated as potential sources of largest 
inaccuracies in winds used for simulating extreme waves in the south and southeast of Brazil. 

 
 
5. Improved Winds for Extreme Wave Simulations 
 
It was shown above that the CFSR surface winds are generally skillful for ambient conditions, 

but consistently underestimate the highest observed wind percentiles, when both buoys and, 
particularly, scatterometer data are considered. When compared to QuikSCAT, CFSR showed 
large errors around 5 m/s within the cyclones with wind intensities up to 35 m/s. These 
inaccuracies at stronger wind speeds are crucial for extreme wave simulation. Therefore, an 
adjustment method was investigated to improve CFSR higher-percentile winds in the South 
Atlantic Ocean.  

In view of the availability of measurements with different characteristics used for the CFSR 
evaluation, we performed a series of alternative calibration approaches as follows. First, a very 
simple univariate linear regression model is applied using buoy measurements – a quick and 
widely-used solution in the private consultancy industry. Thereafter, more complex methods 
using several satellite measurements, merged with the CFSR reanalysis within the area of 
influence of cyclones are applied. A discussion of results is then presented. The ultimate 
objective of the calibration performed below is the generation of a consistent, high-quality 
surface wind database, optimally adjusted to force a wave model. Campos et al. (2017) shows 
that this provides a wind forcing database that allows both ambient and extreme waves to be 
skillfully simulated. 
 
 

5.1. Linear regression model 
 
The use of a linear regression model is a common approach to calibrate wind intensity and 

wave height in several applications, using observations or numerical prediction models. A classic 
paper on the topic is Tolman (1998), where several correction approaches using linear regression 
are applied to atmospheric model wind speeds used for operational forecasting of wind wave at 
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the US National Weather Service. An extension of that method, for calibrating surface winds for 
use in wave hindcasts for the South Atlantic Ocean is provided in Alves et al. (2009). In the 
latter, which is relevant in the context of the present study, the authors found the following linear 
relationship for surface wind calibration in the region: 

 

𝑈𝑈𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 1.17 0. 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 + 1.05 (5) 

 
where Ucorr is the corrected wind speed, and Umod is the input wind speed from the 

atmospheric model dataset.  
 

 

Figure 11 - Buoy quantiles versus CFSR quantiles for 10-meters wind intensity. Grey line shows a 
linear regression fit considering all quantiles while the red line shows the fit to quantiles above the 

percentile of 80% (approximately 10 m/s). 
 
For wave data, an example of linear regression calibration is found in Caires & Sterl (2005), 

who calculated global extreme values of wave heights using the ECMWF reanalysis ERA-40 
(Uppala et al., 2005). They verified a large underestimation of extremes, confirmed more 
recently by Campos and Guedes Soares (2016a), whereby the proposed solution was to calibrate 
the ERA-40 wave heights using buoy data, by applying a linear regression model, and verifying 
results against Topex/Poseidon data. After calibration, a significant improvement was found in 
the upper percentiles, which reflected in more reliable extrapolated extreme values. Their 
proposed calibration was: 

 

𝐻𝐻𝑠𝑠
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 0.52 + 1.30. 𝐻𝐻𝑠𝑠𝐸𝐸𝐸𝐸𝐸𝐸−40 (6) 
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 We applied a similar approach used by Tolman (1998) and Alves et al. (2009). Pairs of 
wind data, converted to 10 m height where needed using the LKB method, were built from CFSR 
and buoys. These were used to calculate quantiles ranging from 1% to 100%, stored in two 
arrays of 100 points. Results were plotted as illustrated in Figure 11 (black dots). Two linear 
regression fits were calculated: one for the whole set of quantiles (grey line), and another for the 
values above the 80th percentile (red line), approximately above 10 m/s. Equations 7 and 8 are 
the resulting linear regression models adjusted to the bulk percentiles, and to the upper 
percentiles only, respectively.  

 
𝑈𝑈10𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = (1.094 ∗ 𝑈𝑈10𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) − 0.370 (7) 

𝑈𝑈10𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = (1.049 ∗ 𝑈𝑈10𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) − 0.140 (8) 

 
A first candidate wind database for application to simulation of wave extremes (e.g., Campos 

et al., 2017), was built applying equation (8) to the CFSR winds in the South Atlantic Ocean 
(CFSR.LR). Only the wind intensity is calibrated, the direction remains the same. Changes 
obtained with this approach represent an increase of 5% to 6% of the CFSR wind intensity within 
more severe storm systems observed in the South Atlantic. 

 
 

5.2. Cyclonic Wind Replacement and Blending 
 
The evaluation of CFSR surface winds indicates that it severely underestimates upper-

percentile winds within cyclones in the South Atlantic. In some cases, the CFSR data misses 
completely events that may be associated with some of the most extreme cases (e.g., the cyclone 
Catarina). An original method devised as part of the present study is proposed where the 
perceived deficiencies of the CFSR cyclonic winds are remedied, whereby “defective” wind 
fields are replaced with data measured by satellites, and the consistency of overall fields ensured 
by a blending algorithm.  

Replacement and blending are performed following the center of cyclones, with centers 
identified by the cyclone tracking previously explained. The basis of the proposed approach 
follows three general steps. First, cyclones are identified following the technique proposed in 
Murray and Simmonds (1991), described in section 3.1. Second, cyclonic wind fields are isolated 
from the background/ambient wind signal following the approach of Kurihara et al. (1993). 
Finally, new cyclonic winds are added to the background field, following loosely the approach 
pioneered in wave modeling by Chao et al. (2005). 

 
a. Extracting CFSR Cyclones 
 
After cyclones in the CFSR database are identified, as described in section 3.1, the key step of 

the process is to separate cyclonic winds from the background, ambient fields, and extract them 
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for replacement. This is done following the method suggested by Kurihara et al. (1993). 
Separating these two wind-field types is crucial for the development of a sound, calibrated 
database. Kurihara et al. (1993) use iterative filters to remove high frequency disturbances from 
the large-scale wind fields so that a smooth environmental field is produced. The latter is 
retained, and provides the ambient component of the new surface wind field database. An 
example of the procedure is given in Figure 12, panels A, B and C. 

 

 

 

Figure 12 - Example of application of the method proposed by Kurihara et al. (1993) for a cyclone 
at 12Z on 24/03/2006. A: Disturbance wind field. B: Environmental field without the cyclone. C: 
Analyzed vortex with the cyclone isolated. D: Original cyclone selected within a specific radius. 
 
 
b. Cyclonic wind specification 
 
The original idea for cyclonic surface wind specification was to use directly QuikSCAT 

measurements to replace removed perturbations from the CFSR data. Inspection of the data 
during selected severe cyclonic events, however, revealed too many spatial and/or temporal gaps 
in the available data, in a way that would affect our ability to reconstruct a consistent time series 
of cyclonic wind fields throughout the lifetime of many events. Insight on how severely 
QuikSCAT under-samples small-scale, rapidly changing systems is provided in Figure 3A. 
Clearly seen are spatial gaps of hundreds of kilometers that could easily hide an entire small-

A B 
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scale system. Also, time lags of several days and little overlap between swaths are noticed. 
A surrogate measurement database was sought that could be used in combination with 

QuikSCAT, allowing the reconstruction of surface winds from each cyclonic event in a more 
reliable way. The SeaWinds database, described previously, was selected for that purpose. This 
choice allowed us to also build two additional blended products, one using SeaWinds only, and a 
second using SeaWinds in conjunction with QuikSCAT in a way that maximized the use of the 
latter. Since QuikSCAT is one of the remotely-sensed data sources used in SeaWinds, the 
combination was largely consistent, requiring a minimum of adjustments in the blending process. 

SeaWinds is a 6-hourly satellite database, which needed to be interpolated onto the 1-hourly 
sampling rate from the CFSR database. Tolman & Alves (2005) have shown that direct 
application of a traditional bi-linear interpolation deteriorates the structure of small cyclones 
containing strong winds with fast propagation, the so-called “German-salsa” effect, which can 
lead to wave fields with negative biases of the order of 10%-20%. The latter results from an 
artificial aliasing due to the linear interpolation which does not account for the spatial 
displacement of the storm centers that occurs between two consecutive 6 h intervals.  This 
limitation is crucial in the present paper, due to the concern about the representation of the 
extreme winds. Therefore, we here follow the suggestion of Tolman & Alves (2005) to separate 
the cyclonic and background winds from the SeaWinds database, following again the approach 
of Kurihara et al (1993), and to perform separately background and storm-centered interpolation 
between consecutive SeaWinds time slices, providing hourly wind fields, which are then 
recombined onto a consistent hourly SeaWinds database (henceforth SW1h). 

Figure 12 exemplifies the process for a cyclone generated in the southern coast of Brazil, in 
March 2016. This example illustrates also an adaptation of the Kurihara et al. (1993) method that 
was needed for its application to extra-tropical storms in the South Atlantic. Originally, that 
method dealt with tropical cyclones in the North Atlantic, which present strong distinctions 
relative to extra-tropical systems. Hurricanes usually have a symmetric and circular shape with 
clear boundaries. Extra-tropical cyclones are always associated with large troughs and cold 
fronts with large fetches, where the boundaries are less clear. In the southern hemisphere, fetches 
with meridional winds are mainly located on the left of the troughs.  

These differences led to occasional problems during the extraction of the extra-tropical 
cyclones following strictly Kurihara et al. (1993), namely, the exclusion of the vortex created 
large gaps in the environmental field that, when interpolated in time, would grow into “trenches” 
that could not be completely masked by re-insertion of the interpolated vortex. This problem was 
solved by applying the Kurihara et al. (1993) method only for the construction of the 
environmental field, as shown in panel Figure 12B. The extracted cyclonic field was then simply 
taken without any filtering (no removal of the background signal),  and interpolated to hourly 
slices retaining the original wind field within the area inside the extraction radius, as shown in 
Figure 12D. Resulting hourly cyclonic fields were finally completely inserted on the hourly 
environmental field, replacing the winds within the cyclone limits. A smoothing function using 
simple linear combination is applied at boundaries to ensure continuity between background and 
cyclonic fields. 
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c. Resulting blended satellite-based CFSR-enhanced database 
 
The blending of CFSR ambient fields with satellite-based cyclonic wind fields generated two 

distinct classes of surface wind databases. The latter are used in an extreme wave analysis study 
reported in Campos et al. (2017). The two classes of hybrid model-satellite wind databases differ 
only in terms of the CFSR ambient winds, which in the first class has no calibration applied to 
background winds, while in the second set the linear regression is used to calibrate the CFSR 
ambient winds. Both classes of corrected winds intake satellite data of SW1h and QuikSCAT 
within cyclones using the same methodology. In this section we present relevant examples of the 
resulting blended winds during severe cyclonic events with different characteristics relevant to 
generating wave extremes. 

 

 

Figure 13 - Example of centered interpolation of SeaWinds (m/s) for 08Z on 17/06/2008, the cyclone 
event that generate the most extreme event measured in southeastern Brazil (Hs=7.6 meters). 

Figure D: in blue the original wind without modification, in cyan the excluded points associated 
with ice or coastal grid points, in dark red the area where the cyclone was centered-interpolated 

and inserted, in orange the transitioning area. 
 
Blended fields associated with an extreme wave event on 17 June 2008 are shown in Figure 

13, when the depicted cyclone generated wave height in excess of 7.6 m offshore southeastern 
Brazil. Figure 13A presents the environmental field with only low-frequency atmospheric waves 
retained, where a large trough is observed. The analyzed vortex is shown in Figure 13B, 
preserving the full SW1h surface wind data. The blended wind field is shown in Figure 13C, in 
which the cyclonic winds have been grafted onto the environmental field with a smoothing 
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function applied to the boundaries between them. Figure 13D illustrates the stencils used in the 
blending process: the dark red stencil is the area where the cyclone was inserted, and the orange 
stencil marks represents the transitioning area where smoothing is applied, consisting of a 
running window following the center of the cyclone over time. 

 

 

Figure 14 - Example of SeaWinds centered interpolation with two cyclones at 05Z on 27/07/2007. 
 
Figure 14 presents other example of centered interpolation for a case on 27 July 2007, but 

now two cyclones are detected in the analysis window. Figure 14 shows wind fields at the 05Z 
time slice, which means that the interpolation occurs using SeaWinds satellite data from 00Z and 
06Z. The environmental field excludes both cyclones in both original time slices. SeaWinds 
cyclones are interpolated separately and inserted into the environmental field at the hourly 
interpolated track position. The resulting blended field for the double-cyclone case is shown in 
Figure 14C (SW1h). Once again, stencils used in the blending process are shown in Figure 14D. 

Further adjustments to the blended database were made by adding QuikSCAT data. 
Sensitivity tests were made in all cases where this was possible. A discussion section below 
provides a quantification of number of events throughout the blended database periods when 
QuikSCAT data was available and inserted to the CFSR-SW1h database. An illustration of the 
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effect of adding QuikSCAT to the blended database is provided in Figure 15, showing the wind 
speed difference between QuikSCAT and SW1h for the cyclone depicted in Figure 12 for 14 
March 2006. It is clear in this case (and most others) that QuikSCAT provides measurements 
without interpolations that can sharpen and increase the wind intensity in regions that may be 
critical for wave generation. The latter is explored in more details in Campos et al. (2017). 

 

 

Figure 15 - Differences in wind speed (m/s), QuikSCAT minus SeaWinds, for the cyclone of 
Figure 12 on 24/03/2006. 

 
Figure 15 shows that QuikSCAT data potentially represent more accurately sharp fronts and 

higher wind speeds in intense cyclones. Therefore, QuikSCAT winds provide an alternative 
framework for improving the simulation of extreme waves, in combination with SeaWinds. In 
the CFSR-satellite set, the blending method within cyclonic areas used QuikSCAT data in 
directly replacing SW1h winds, for areas and instants where this was applicable. Figure 16 
illustrates the process of adding QuikSCAT data to the blended CFSR-SW1h database for an 
event on 15 June 2008. Stencils on Figure 16D depict the areas where each different wind source 
was retained, as well as transition zones. Areas with heavy clouds where QuikSCAT flags 
pointed high uncertainty were excluded; this problem in the QuikSCAT database is discussed by 
several studies including Freilich and Vanhoff (2006) and Quilfen et al. (2007). Moreover, the 
few areas with very calm wind conditions inside the cyclone running window did not use 
satellite data. 

Co-located differences, as illustrated in Figure 15, were calculated for all events where 
scatterometer data was available, leading to the calibration of SW1h winds even for events where 
no QuikSCAT data was available. This process, which extended the impact of QuikSCAT winds 
to all cyclonic events in the second blended database, is illustrated in Figure 16. The absence of 
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the orange-color stencil in Figure 16D indicates that no QuikSCAT data is present, i.e, only 
SeaWinds are used. Nevertheless, a sharper cyclonic wind field is attained due to correction 
made on the basis of expected biases of SW1h relative to other instances where the latter was co-
located with QuikSCAT data. 

 

 

Figure 16 - Example of CFSR cyclonic winds merged with SeaWinds and QuikSCAT data, on 
15/06/2008. On the top left (A): original CFSR wind. On the top right (B): Blended wind field with 

CFSR for non-cyclonic areas and SeaWinds/QuikSCAT inside the cyclone. Bottom left (C): 
difference between the new blended wind field minus CFSR wind. Bottom right (D): Grid 

information where in blue is the original CFSR, in dark orange the QuikSCAT wind, in yellow the 
SeaWinds SW1h and in green the transitioning area. 
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6. Resulting Surface Wind Datasets 
 
Two classes of wind calibration methods were described in the last section. One is a simple 

linear regression model applied to CFSR surface winds, with coefficients obtained from the buoy 
measurements; and the other consists of blending CFSR background winds with cyclonic winds 
from the SeaWinds database and QuikSCAT. In the latter case, a centered interpolation 
technique was applied to avoid spatial aliasing of cyclonic wind fields. The application of these 
approaches separately and in combination, allowed the construction of a set of six alternative 
wind fields (e.g., Table ) that will be described below, and were used as input conditions for 
WAVEWATCH III wave model simulations detailed discussed elsewhere (e.g., Campos et al., 
2017). 

 
Table 4 – Description of the two original winds (CFSR and SeaWinds) and four new wind 

databases constructed. 
CFSR Original CFSR wind reanalysis 
SW Original SeaWinds satellite database 

SW.CI SeaWinds (SW1h) with cyclones center-interpolated. Final resolution of 1 hour 
CFSR.LR CFSR winds calibrated with linear regression applied to the entire grid and data 

CFSR.QsSw CFSR winds merged with satellite data (QuikSCAT/SeaWinds) within cyclone. 
CFSR.LR.QsSw Combination of CFSR.LR and CFSR.LR.QsSw. 

 
Table 4 summarizes the four newly-constructed wind databases resulting from the current 

investigation. The sets labeled CFSR and SW are simply the original winds from those two 
datasets, without any modification. In the case of SeaWinds, sampling was retained at the 
original 6 h resolution in one of the datasets. The SeaWinds (SW1h) is labeled SW.CI and refers 
to the original SeaWinds, but with hourly resolution and cyclonic winds redefined by extraction 
and storm-centered interpolation. CFSR.LR represents the CFSR reanalysis calibrated using the 
linear regression applied to the entire data. CFSR.QsSw represents the newly-constructed 
blended wind field, with cyclonic fields in severe storms consisting of a combination of 
SeaWinds and QuikSCAT data. Finally, CFSR.LR.QsSw represents the combination of 
CFSR.LR and CFSR.QsSw, where the linear regression is applied to non-cyclonic areas, and the 
combined satellite winds are inserted within cyclones. 

A comparison between alternative surface wind databases is provided in Figure 17. All sets 
described in Table 4 are illustrated for an event on 27 July 2007, when two intense cyclones co-
exist in the South Atlantic Ocean. The general circulation, cyclone position and wind directions 
are very similar for all alternative wind fields. However, significant differences are seen within 
the areas of influence of the two cyclones, especially in their north and northwest sectors. In 
Figure 18, the relative difference between alternative winds is emphasized. The figure uses the 
original CFSR wind field as the reference and portrays the relative difference constructed winds 
minus original CFSR. The scale of the color bars are kept the same throughout panels in Figure 
18, red colors indicating areas where the new winds are more intense than the original CFSR, 
and blue colors indicating areas where CFSR is more intense than the constructed winds. 
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Figure 17 - Surface Winds (m/s) at 09Z on 27/07/2007, same cyclone of Figure 14. A: Original CFSR 
reanalysis. B: SeaWinds centered interpolated (SW.CI). C: CFSR calibrated using a linear 

regression function (CFSR.LR). D: CFSR with satellite data inside the cyclones (CFSR.QsSw). E: 
Composition of D and E, with linear regression applied to the entire CFSR reanalysis apart from 

the cyclonic areas where satellite is blended (CFSR.LR.QsSw). F: Grid information where in blue is 
the original CFSR, in yellow the SeaWinds and in green the transitioning area. 
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Figure 18C shows that the application of the linear regression model has modest overall 

impact. Small differences are seen between CFSR.LR and the original CFSR, which are 
proportional to the wind intensity, as described by equation 7. These differences reach up to 2 
m/s inside the areas of influence of the two cyclones, but are not restricted to cyclonic areas. 
Regions with lower wind speeds are less affected relative to the original CFSR.  

The largest differences in all data sets are seen in Figure 18B, comparing SeaWinds with 
CFSR. Within vast patches in the areas of influence of the two cyclones, SeaWinds may be over 
4 m/s stronger than CFSR winds, and the underestimation of CFSR is otherwise clearly 
dominant. Furthermore, some locations in blue indicate that the CFSR data likely overestimates 
cyclone size, which can be a source of further biases in the estimation of extremes.  

Figure 18D shows the effects of blending the SeaWinds-QuikSCAT mix to the CFSR 
background fields. As expected, areas of influence of the two cyclones have significant 
differences, and tend to reproduce the behavior seen near cyclones in Figure 18B. Note, 
however, the finer structure and sharper detail in Figure 18D, relative to panel B, resulting from 
the inclusion of QuikSCAT cyclonic wind data. Figure 18E illustrates the effects of combining 
the linear regression model for correcting background CFSR winds, with the blending in of 
cyclonic winds from satellite measurements.  

Combining features of panels C and D, Figure 18E has differences for non-cyclonic areas that 
are small and have smooth variations, whereas within cyclones the intake of satellite data leads 
to larger differences. Finally, Figure 18F shows the stencil used in the blending process. Note 
that the orange stencil clearly depicts a QuikSCAT pass covering a large part of the cyclone on 
the left, and a small part of the right cyclone, whereas the gaps in cyclonic winds are filled with 
SeaWinds data (yellow stencil). 

A thorough investigation of the impacts of these alternative surface wind field databases to 
simulations of wind-wave extremes in the South Atlantic Ocean, is provided in a companion 
paper (Campos et al., 2017), where it is shown that the inclusion of QuikSCAT winds has a 
decisive impact on improving the agreement of wave hindcasts with upper wave-height 
percentiles associated with more extreme sea states.  
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Figure 18 - Surface Wind fields results (m/s) of Figure 19 (09Z on 27/07/2007) compared to original 
CFSR, taken as the reference. Hot colors in red are the areas where the new wind is more intense 
than the original CFSR, while cold colors in blue show the areas where the original CFSR is more 
intense (in m/s). A: Original CFSR wind reanalysis. B: SW.CI minus CFSR. C: CFSR.LR minus 

CFSR. D: CFSR.QsSw minus CFSR. E: CFSR.LR.QsSw minus CFSR. F: Grid information, where 
in blue is the original CFSR, in yellow the SeaWinds and in green the transitioning area. 
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7. Concluding Remarks 

 
The public availability of NCEP’s CFSR reanalysis data is an important asset for 

environmental studies all over the world. Associated with its high accuracy relative to other 
reanalysis product, this makes this database a powerful tool to improve scientific and technical 
studies in the oceanic environment. Our study uses the CFSR 10-meters wind fields to 
investigate its usefulness for driving wind-wave hindcasts, focusing on extreme sea state analysis 
in the South Atlantic Ocean. An initial evaluation indicates that there are significant CFSR 
surface wind biases relative to buoy measurements in the South Atlantic, particularly in upper-
percentiles, more critical for generating wave hindcasts envisaging extreme analysis. 

Two different approaches for calibration of the CFSR data using in situ and remotely-sensed 
data are presented and compared. One applies a simple linear regression model, with coefficients 
obtained from the comparison of CFSR against buoy data. In the second, deficiencies of the 
CFSR winds associated with severe sea state events are remedied, whereby “defective” winds are 
replaced with satellite data using a Lagrangian approach. The linear regression applied generally 
increases in around 5% to 6% CFSR wind intensities. However, the process still retains an 
underestimation by CFSR of up to 25% of remotely-sensed winds within strong extra-tropical 
storms in the South Atlantic Ocean. Under cyclonic conditions, the proposed method of blending 
satellite-derived cyclonic wind fields with background CFSR data proves effective, leading to a 
better representation of winds both during ambient or extreme cyclonic conditions. 

A set of six alternative wind data sets is used to force the wave model WAVEWATCH III in a 
second companion of the present study, where the assessment of results points to a significant 
advantage of using both CFSR wind adjustment methods, which jointly produce high-quality 
wind-wave hindcasts for general applications and extreme wave analysis. The current 
manuscript, focused on a description of CFSR calibration approaches and general validation 
relative to in situ and remotely-sensed wind measurements, leads to the following conclusions. 

● Uncalibrated CFSR winds agree generally well with available Brazilian metocean buoys 
for calm and moderate intensities. Biases of 0.5 to 1.0 m/s, RMSE between 1 and 2 m/s, and CC 
around 0.8, suggest that CFSR winds represent well low wind speeds. The quality of CFSR 
winds degrades with increasing wind intensities. Differences lead to probability density functions 
with distinct shapes. 

● When compared to QuikSCAT data, CFSR winds are relatively lower, particularly near 
extra-tropical cyclones, where CFSR underestimation is around 5 m/s. This represents relative 
differences between CFSR and QuikSCAT surface winds of up to 25%. CFSR, SeaWinds and 
QuikSCAT generally agree in terms of general circulation, cyclone position and wind directions. 

● A series of cyclones is identified associated with the occurrence of 47 extreme wave 
events. Identified cyclone tracks indicate high concentration of cyclones at 40°S of latitude, 
which show increased wind intensities 48 h before associated extreme wave events, with peak 
winds occurring 12 h prior to the wave-height peak. Although the cyclone identification is larger 
around 40°S of latitude, the greatest intensities are found below 40°S. 

● In terms of location of cyclonic fetches, there is a persistence of southwesterly winds 
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offshore the southern Brazil, Uruguay and northeast of Argentina. These regions were identified 
(Figure 10) as associated with the largest inaccuracies involving extreme waves predicted in the 
region, highlighting the importance of the implementation of long and continuous measurement 
campaigns by the local agencies. 

● Two methods of wind calibration are investigated to correct CFSR surface wind 
deficiencies in the South Atlantic. One is a simple linear regression model, and the other uses 
remotely-sensed data to correct wind speeds within extra-tropical cyclones. Linear regression 
leads to increasing CFSR winds in 5% to 6% on average, which provides a good calibration for 
underestimation of moderate winds. Replacement of “defective” winds in cyclones by satellite 
data provides great improvement to the quality of CFSR winds in areas dominated by severe 
extra-tropical storm events. 
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