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This paper evaluates the wave modeling performance in the Gulf of Mexico and Western Caribbean Sea
employing three different wind reanalysis data. Wind reanalysis is employed as the main forcing in wave
generation/propagation numerical models. While the National Centers for Environmental Prediction (NCEP)/
National Center for Atmospheric Research (NCAR) and the European Centre for Medium-Range Weather
Forecasts (ECMWFs) ERA-40 reanalyses have been previously assessed in the performance for wave modeling,
ECMWF's ERA-interim and in particular NCEP’s North American Regional Reanalysis (NARR) are more recent
reanalyses. They both provide better resolution and description of the wind fields and have not been evaluated
for long-term wave modeling. Therefore, the aim of this work is the assessment of the three different wind
reanalyses on the wave hindcast performance. Attention is drawn on the wind reanalysis capability for
predicting both mean and extreme wave conditions during two different periods: (i) an anomalous year
where cyclonic events dominate the extreme wave climate in the region (2005); and (ii) a year with the wave
climate dominated by synoptic events (2006). A third generation wave model, forced by the different wind
reanalysis data, is calibrated with National Data Buoy Center (NDBC) buoys observations. Wind reanalysis data
allow a consistent implementation of third generation wave models in order to predict the mean wave climate
(correlation coefficient ~0.84 for NCEP/NCAR, 0.94 for ERA-interim, 0.92 for NARR) for applied ocean studies.
Numerical results revealed that both ERA-interim and NARR improve the wave modeling performance with
respect to NCEP/NCAR (for extreme and non-extreme conditions), whereas the high- (spatial and temporal)
resolution NARR data are more suitable for modeling extreme cyclonic events (i.e., hurricanes) in this region.
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1. Introduction

The direct impact of ocean waves on human activities (e.g., off-
shore oil and gas extraction, navigation, and beach recreation) pro-
vides endless examples for emphasizing the need to understand their
generation and propagation processes. Indeed, the efforts to charac-
terize wave conditions can be traced to ancient times, but it is only
during the second half of the 20th century when a great leap for-
ward was taken in the understanding of wave generation and prop-
agation mechanisms. Together with the development of computers
the progress and wide use of numerical models started, providing
an excellent tool for wave hindcasting and forecasting. Furthermore,
numerical models provide a tool to complement the low-spatial cov-
erage of measured data. Moreover, the development of numerical
models has led to advanced third generation (3G) wave models [1-
4] which are used nowadays for wave characterization, allowing the
generation of wave databases for ocean areas back to those years
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where no wave data existed, i.e., wave hindcast.

The main driving force for 3G wave models are the wind fields.
Despite the existence of highly sophisticated wave models, the ac-
curacy of wave hindcast will depend on the accuracy of the forc-
ing data, i.e., wind fields, employed to drive the models [5]. Thus,
in order to perform long-term wave hindcast studies, accurate wind
field descriptions which cover the area of interest in both time and
space are sought. Such datasets are now available through the atmo-
spheric reanalysis in which numerical models using data assimilation
techniques provide data sets with no inhomogeneities regarding the
analysis techniques [6]. Moreover, the dependence of the wave model
accuracy to the quality of the input wind field has led to assessments
on the quality of the National Centers for Environmental Prediction
(NCEP)/National Center for Atmospheric Research (NCAR) global re-
analysis (hereafter referred as NCEP). These assessments were based
on the use of the wind fields for driving a well validated 3G wave
model, resulting in an exhaustive evaluation of the wave model re-
sults against all available wave measurements [7].

While several authors have focused on the long-term wave hind-
cast using wind reanalysis data and providing an assessment of the
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Fig. 1. (a) Computational model mesh showing the different resolution areas and (b)
bathymetry from ETOPO-1 used for wave model simulations along with hurricane
tracks and intensities (from NHC/Best-Track) for selected events and location of NDBC
buoys used for evaluating the wave hindcast.

wind performance, downscaling wind data for wave modeling [8-11]
or even intercomparing NCEP and the European Centre for Medium-
Range Weather Forecasts (ECMWFs) ERA-40 [12], there is limited as-
sessment available including the more recent ECMWF’s ERA-interim
dataset and/or NCEP's North American Regional Reanalysis (NARR).
For instance, Caires et al. [13] provide a comprehensive analysis of
different wind reanalyses, but even in their work, ERA-interim and
NARR reanalyses were not considered. Moreover, while ERA and NCEP
products have been extensively used in wave modeling, the NARR
data have only a few wave hindcast applications dealing with short
term simulations [14-16]. In view of the availability of NARR data,
it was considered relevant to do the assessment as presented in this
work. The recently released Climate Forecast System Reanalysis (CF-
SRR) [17] is a global reanalysis in a much finer resolution than other
global reanalyses, but has a slightly coarser spatial resolution than
the NARR. Therefore, considering the area of study (Fig. 1), the as-
sessment of the NARR was considered more relevant for the Gulf of
Mexico (GoM) and Western Caribbean Sea (WCS).

The study area (GoM and WCS) receives the effect of extreme
wind waves generated by two different meteorological systems: (i)
mid-latitude anticyclonic systems generating cold fronts known in
vernacular language as Nortes due to its marked northerly approach
to the Mexican GoM coast, and (ii) low pressure systems known as
Tropical Cyclones (including tropical depressions, tropical storms and
hurricanes), most of them approaching the area from the Caribbean
Sea (CS). From hindcast studies presented in the literature it can be in-
ferred that large scale meteorological systems such as Nortes are well
represented by wind reanalyses, but it is not the case for mesoscale
meteorological systems such as hurricanes.

In this work, an assessment of wave modeling performance using
wind fields of the three different atmospheric reanalyses covering the
study area is performed. Two years (2005 and 2006) of wind waves
are simulated and compared against measurements from different

National Data Buoy Center (NDBC) buoys. While an assessment is
done over long-term hindcast, attention is also drawn to an assess-
ment of extreme events, since the inaccuracy of low occurrence ex-
treme events is shadowed by the accuracy of the highly occurring
normal wave events in the long-term assessment. It is important to
point out that the wind fields used in the study were used “as is”, i.e.,
as provided by the developers. Thus, the intention is to present an
assessment which is not biased by further improvement of the data,
leading to prohibitively expensive and time consuming methods [18]
for long-term hindcast with applied purposes. As such, the assess-
ment presented herein is useful for anyone who desires to use the
data as available.

The outline of this paper is the following. A description of the
methodology is given in Section 2. An assessment of the wave hindcast
using the different reanalyses is given in Section 3. Finally, concluding
remarks are drawn in Section 4.

2. Methodology

In order to evaluate the performance of different wind reanaly-
ses for wave hindcasting in the GoM and WCS, a third generation
model has been implemented in the study area. This area was se-
lected for the following reasons: (i) the area is covered by the three
most widely used wind reanalyses, (ii) the area experiences both high
vorticity extreme wind events (hurricanes) and low vorticity extreme
winds (Nortes), (iii) the area is not significantly influenced by “long
distance” swells and all wind waves are generated inside the basins,
and (iv) it provides valuable wave information for Mexican waters,
covered by monitoring programs sparse in time and space. The pro-
cedure followed to evaluate the performance of different reanalyses
is described below.

2.1. Wave model description

The wave model used for the assessment of the wind reanalysis
was the third generation spectral wave model MIKE 21 SW [1]. This
model is based on unstructured meshes and simulates the growth,
decay, and transformation of wind generated waves and swells in
coastal and offshore regions. The MIKE 21 SW model is formulated in
terms of mean wave direction, 6, and the relative angular frequency,
o, where the action density, N(o, 6), is related to the energy density,
E(o,0)by:

E(0c.0)

N(U,@):T

For large applications, such as the one presented in this study, the
wave action balance equation is formulated in spherical coordinates,
where the evolution of the wave spectrum in the position given by
latitude @ and longitude A at a particular time t and is given as follows:

SN 46 ) 8 ) S
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The energy source term S represents a superposition of energy
source/sink functions that describe the multiple physical phenom-
ena during wave generation and transformation. For details regarding
source terms, discretization of the governing equation, time integra-
tion, and model parameters readers are referred to Serensen et al.
[1].

While whitecapping is the least understood part on wave evolu-
tion, it has been, and still is, the tuning knob of any wave model [19]
and hence deserves further attention. MIKE 21 SW uses the WAM-
Cycle 4 formulation [4], based on the theory of Hasselmann [20],
where whitecapping dissipation is assumed to be a result of pres-
sure induced decay reformulated in terms of wave number [21] (i.e.,
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Table 1 Table 2
Computational grid definition. Wind data grid definition for the three different reanalysis.
Maximum area Maximum approximate Left-down
Zone (degrees?) size of element side (km) Reanalysis corner Dx Dy Dt
[ 0.06 40 NCEP —-99.3750, 1.875° 1.9047° 21,600 (6 h)
11 0.03 28 6.6666
11 0.014 19 ERA? -99,6 1.5° 1.5° 21,600 (6 h)
\Y% 0.005 12
NARR —98.5, 0.375° 0.375° 10,8005 (3 h)
7.1250

WAM-Cycle 3), and an adjustment of the dissipation source func-
tion based on the wind input description by Janssen [22]. According
to Ardhuin et al. [23] WAM-Cycle 4 formulation is adjusted to close
the wave energy balance, but lacks of physical justification. How-
ever, this formulation is widely used in most numerical wave models,
such as SWAN [24] and WAVEWATCH III [3] owing to the simplic-
ity of its implementation. While more recent parameterizations have
a more physical justification of the whitecapping process (e.g., van
der Westhuysen et al. [25] and Ardhuin et al. [23]), the WAM-Cycle
4 formulation is still the default in 3G wave models. As such, a re-
cent work by Siadatmousavi et al. [16] evaluates Cycle 3 and Cycle 4
formulations for the GoM, giving evidence of their current use. One
of the flaws in the WAM-Cycle 4 formulation is that it applies the
whitecapping to the whole spectrum, producing an over-prediction
in swell dissipation [19]. However, the present study considered that
seas are dominant due to the basin limits blocking distant swells and
hence the formulation is an appropriate approximation. Considering
the above, whitecapping was used as the main calibration parameter
in this work.

It is relevant to mention that MIKE 21 SW does not account for a
growth saturation limit in relation to wind speed, so that overestima-
tion of wave height can result for young seas under high wind speeds,
i.e., hurricanes [26].

2.2. Computational mesh

The computational mesh covers the full extent of the GoM and the
CS, dividing the domain in to four main areas with different element
sizes (Fig. 1a). For the GoM and the northwestern CS a maximum el-
ement area of 0.03° was used (zone II), while for the southeastern CS
a maximum element area of 0.06° was selected (zone I). The higher
mesh resolution was selected for the coastal area of Mexico (max-
imum element area of 0.005°; zone IV), due to the interest of the
researchers in this particular region. Table 1 shows the correspond-
ing element size (in km) for each of the maximum area (in degrees)
defined in the model domain. The bathymetry data employed corre-
spond to the NOAA’s ETOPO1 [27], which are considered as the most
suitable data source for the whole computational domain. The final
bathymetry for the domain and the developed mesh covers 8.25°-
30.5°N latitude and 98°-60.75°W longitude. The Atlantic Ocean (Fig.
1b) is not included in the computation domain, so that the model is
limited to the east by the Antilles Islands and the Bahamas as shown
in Fig. 1. Please note that there are no open boundaries between is-
lands, assuming that there is no influence of Atlantic swell into the
study area which was found to be a reasonable assumption.

The Mexican coastline was defined with a 3.5 km resolution which
gradually increases to a maximum element size of 12 km at a distance
of 60 km from the shore. The US coastline has an approximate reso-
lution of 20 km and the rest of the coastline has a resolution of 25 km
(as obtained from NGDT/NOAAS coastline extractor).

2.3. Model setup

The wave model was setup with the fully spectral and instation-
ary time formulations. A logarithmic spectral discretization was used
with a minimum frequency of 0.055 Hz, 25 frequencies, and a fre-
quency increment factor of 1.1 (this was based on wave period buoy

@ Spatial resolution is publicly available at 0.75° since December 2011.

measurements in the area for the period from 1979 through 2008).
The directional discretization is done for 360° divided in to 16 direc-
tions (based on model performance vs. computational time, following
suggestion of recommended values for seas [28]). The time step, based
on a multi-sequence integration step, is specified with a minimum
value of 0.01 s and maximum value of 10,800 s, whereas the actual
time step used in each calculation is based on the CFL condition.

2.4. Wind forcing and simulated cases

The wind reanalyses tested in this work are the NCEP [29], ERA-
interim [6,30], and NARR [31] reanalyses. Table 2 shows the spatial-
and temporal-resolution for each reanalysis. It should be noted that
the ERA-interim data at 0.75° spatial resolution were made publicly
available during December 2011 and hence this study was carried out
with the available public data resolution before that date (i.e., 1.5°).
The 10 m wind components from the three different reanalyses were
employed as the forcing for the numerical model.

The simulation periods were selected in order to evaluate the
model performance during both normal and extreme conditions.
While the former are well represented in wind reanalyses, such is
not the case with the latter (i.e., extreme wind conditions) for cy-
clonic events characterized by high vorticity of intense and rapidly
changing wind fields. A description of extreme events affecting the
study area is given below.

Nortes usually occur September through April and are part of syn-
optic scale disturbances from mid-latitudes characterized by a cold
front passage, generating sustained winds of about 30 m s~! and asso-
ciated with high pressure systems frequently originated at the Rocky
Mountains in the USA [32]. The duration of the effects of a Norte,
varies from one day to two weeks [33], having an important impact
on the oil industry, fisheries, maritime transport, tourism and other
activities in the GoM. On the other hand, hurricanes are the most ex-
treme climate events that occur in the study area. The North Atlantic
Tropical Cyclones season runs from June 1st to November 30th, with
ayearly average of 11.1 named events. The peak of the season is from
mid-August to late October, while September is the month with the
highest number of Tropical Cyclones directly affecting the Mexican
coasts [34]. In order to allow the assessment of both mean and ex-
treme wave conditions under two different scenarios regarding the
nature of extreme conditions, years 2005 and 2006 were selected. In
the following there is a description of those years in relation to the
extreme events.

Year 2005 was selected as a first simulation period due to the
very active hurricane season, which in terms of accumulated cyclone
energy had a record value of 256% above the long-term mean (a com-
prehensive description of this hurricane season is presented in Beven
et al. [35] and Trenberth and Shea [36]). This year has the record in
terms of the number of named storms (27 tropical and one subtropical
storm), 15 of them became hurricane of which 7 became major hur-
ricane (category 3 or higher on the Saffir-Simpson hurricane scale).
Moreover, four hurricanes (Emily, Katrina - most damaging storm
in history, Rita - most intense storm in the GoM, Wilma - most in-
tense Atlantic storm ever registered) reached category 5 (maximum
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Table 3
Statistical parameters for 10 m wind speed comparing different wind reanalysis data and in situ observations from NDBC buoys.

Stat.

Buoy Id param. 2005 2006 2005-2006

NDBC NCEP ERA NARR NDBC NCEP ERA NARR NDBC NCEP ERA NARR

42001 No. obs. 29192 29192 28382
Mean 6.10 5.83 5.65 5.94 6.13 5.80 5.58 5.79 6.12 5.73 5.55 5.86
Median 5.80 5.65 5.46 5.82 5.90 5.55 5.35 5.54 5.80 5.52 5.36 5.66
STD 3.38 2.87 2.76 2.98 3.20 2.97 2.81 3.02 3.29 2.91 2.76 3.00
Corr. N/A 0.71 0.86 0.82 N/A 0.78 0.93 0.87 N/A 0.76 0.89 0.84
coef.

42002 No. obs. 29192 b 29192
Mean 6.18 6.23 5.72 5.95 b 6.26 5.82 6.09 6.18 6.16 5.70 6.02
Median 6.00 5.96 5.56 5.86 b 5.90 5.53 5.83 6.00 5.80 5.51 5.85
STD 2.95 2.89 2.64 2.76 b 3.00 2.75 2.92 2.95 2.91 2.66 2.84
Corr. N/A 0.70 0.89 0.82 N/A N/A N/A N/A N/A 0.70 0.89 0.82
coef.

42003 No. obs. 26012 29192 55202
Mean 6.17 5.85 5.68 5.71 5.67 5.54 5.25 5.20 591 5.63 5.40 5.46
Median 6.00 5.66 5.54 5.46 5.10 5.02 4.75 4.71 5.60 5.24 5.08 5.06
STD 311 3.04 2.88 3.16 3.14 2.88 2.73 2.77 3.13 2.94 2.79 2.98
Corr. N/A 0.76 0.89 0.83 N/A 0.79 0.92 0.84 N/A 0.79 0.90 0.84
coef.

45055 No. obs. 18792 27952 46742
Mean 6.23 6.17 5.76 5.46 6.47 6.08 5.85 547 6.37 6.03 5.75 5.46
Median 6.10 6.04 5.66 534 6.20 5.75 5.60 533 6.20 5.79 5.57 533
STD 2.56 2.50 2.11 221 2.79 2.84 2.38 2.50 2.70 2.61 2.20 2.36
Corr. N/A 0.57 0.90 0.76 N/A 0.65 0.92 0.81 N/A 0.65 0.89 0.79
coef.

42056 No. obs. 19362 19343 3870
Mean 6.79 6.30 6.43 5.77 6.16 6.05 6.12 5.40 6.48 6.14 6.25 5.59
Median 6.40 6.34 6.27 5.60 6.10 5.96 6.11 532 6.30 6.08 6.13 5.46
STD 333 2.26 2.38 2.75 2.40 2.10 2.02 227 2.92 2.16 2.19 2.53
Corr. N/A 0.74 0.92 0.84 N/A 0.71 0.90 0.76 N/A 0.73 0.90 0.81
coef.

@ Values correspond to observations at NDBC buoy.
b There are no observations for NDBC buoy 42002 during 2006.

1-min winds greater than 69.5 m s~!), being the first time this had
been observed in one season [35]. Eleven hurricanes had a direct
impact over the GoM and/or the Mexican CS. It is well-known that
NCEP wind reanalysis does not have a good representation of cyclone
events. Therefore, that year was selected in order to investigate the
effect of employing higher-resolution wind fields (i.e., NARR) on the
wave model performance. With respect to large-scale meteorological
systems, there were 14 Nortes in 2005 during the winter time, based
on the definition of Lopez-Méndez [37], 9 of them were between the
months of January and April, and the other 5 were between November
and December.!

On the other hand, year 2006 is characterized by a near average
overall cyclone activity with accumulated cyclone energy of 90% the
long-term mean (a detailed descriptions of the 2006 hurricane season
can be found at Franklin and Brown [38]). For the matter of this
study, the cyclone activity was low since in the GoM and the CS only
Tropical Storm Alberto (period 10-14 June) crossed the GoM after its
genesis in the northwest CS, and tropical storms Chris and Ernesto
passed close to our model boundary, without having much effect
over the GoM. Regarding large-scale meteorological systems, the 2006
winter season had a presence of 21 Nortes, based on the definition of
Lopez-Méndez [37], 12 of them between January and April, and the

1 Lopez-Méndez defines a Norte as an atmospheric event characterized by reduced
mean sea level pressure higher than 1020 hPa at coordinates 30°N, 100°W (over the
continental USA, capturing the effect of the high pressure systems moving toward the
GoM), with simultaneous winds speeds higher than 12 m s~! at 20°N, 93.75°W (south-
ern GoM, commonly affected by strong winds associated to high pressure systems)
between September and April.

other 9 were between October and December. In this study, that year
is considered representative of larger scale meteorological events,
which should be well represented in the wind reanalysis, so that the
statistic measures can be analyzed without the influence of major
cyclonic events.

A comparison between wind reanalyses and NDBC data is carried
out considering the buoy measurements as provided by NDBC without
reducing observational error and/or further quality control (informa-
tion regarding the measuring technique and the quality control of the
data is found at NDBC [39]). Table 3 shows statistical parameters at
selected NDBC locations (shown in Fig. 1b) for the different reanaly-
sis wind speed data and in situ measurements. The comparisons are
made 6 hourly for NCEP/ERA and 3 hourly for NARR, consistent with
data time step. Measured wind speed is better correlated to ERA (12 ~
0.89), than to NARR (% ~ 0.82), whereas the lowest correlations is for
NCEP (12 ~ 0.73). For locations at NDBC buoys 42001 (northern GoM),
42055 (Campeche Sound) and 42056 (Mexican CS), representative of
the study area, Fig. 2 shows the temporal XY scatter plots (shown as
density) and quantile-quantile (QQ) scatter plots for wind speed for
2005 and 2006. As observed in the figures, wind speed is underes-
timated for tropical storm and higher wind speeds, only occurring
during 2005 at buoys 42001 and 42056. While NCEP provides a very
good estimate of wind speeds at buoy 42055 during 2005 and 2006,
ERA and NARR show a slight underestimation at this location. During
2006, NCEP and NARR show an accurate estimation of wind speed at
buoy 42001 while ERA slightly underestimates it. At buoy 42056 all
three reanalyses slightly underestimates wind speeds during 2006.
While there is some underestimation for wind speeds below tropi-
cal storm force (<17.5 m/s), it is clear that the highest disagreement
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Fig. 2. Temporal (density contours) and QQ (dots) scatter plots of observed vs.
simulated 10 m wind speed at different NDBC buoy locations during 2005 and 2006.

between reanalyses and observations occurs during tropical storms
and hurricanes. On the other hand, all three reanalyses accurately re-
solves large-scale meteorological systems such as Nortes. It is worth
to mention that while data assimilation is part of the wind reanaly-
sis process, the underestimation of wind speeds during hurricanes is
present at all locations. Wind direction is very well represented in all
reanalyses (not shown).

2.5. Assessment of numerical results

The wave model was implemented for the two simulation periods
using the three different wind reanalysis (NCEP, ERA and NARR). For
each of the simulation an independent quality index analysis was
performed to obtain the statistic values for bias, bias index (BI), RMS
error, scatter index (SI) and correlation coefficient (r2), as in Moeini
and Etemad-Shahidi [40].

Statistical parameters can be employed for the model calibration,
provide an overview of the accuracy of the results, and allows to eval-
uate the wave modeling performance for different reanalysis sets. Un-
fortunately, these parameters do not reflect the model performance
during storm events, which represent a small sample in the whole uni-
verse of events, and whose errors are smoothed out over the entire
year of the analysis. Thus, in order to assess the accuracy of the simu-
lations during extreme events for both periods, independent analyses
were performed over selected extreme events (i.e., Hurricanes and
Nortes) listed in Table 4. Moreover, for the complete simulation pe-
riods such as visual inspection of time series during extreme events,
quantile-quantile (QQ plots), and scatter (XY) plots are also shown.

The wave hindcast is compared against NDBC data from NOAA,
which has a broad range of devices measuring wave conditions around
the GoM and the CS. The buoys selected within the study area are lo-
cated in deepwater in the upper GoM (42001, 42002, and 42003), the
Campeche basin (42055), and the Yucatan Channel (42056) (see Fig.
1b). It is considered that buoys 42001, 42055, and 42056 character-
ize the different study area regions (Mid Gulf, lower Gulf and WCS,
respectively), whereas buoys 42002 and 42003 allow the assessment
of selected extreme events.

Table 4
Selected extreme events.
Simulation

Event period Start End
Dennis 2005 07,04 07/18
Emily 2005 07/11 07/21
Katrina 2005 08/23 08/31
Rita 2005 09/18 09/26
Wilma 2005 10/15 10/26
Norte 01 2006 02/11 02/15
Norte 02 2006 03/23 03/26
Norte 03 2006 11/15 11/18
Norte 04 2006 12/01 12/07
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Fig. 3. Temporal (density contours) and QQ (dots) scatter plots of observed vs.
simulated SWH at buoy 42001 during 2005 using varying Cg;s coefficient.

2.6. Model calibration

While whitecapping is the main calibration parameter in wave
models, itis acknowledged by the authors that scientific efforts should
be oriented in developing whitecapping formulations to be represen-
tative of physical processes, which is not the aim of the present work.
The model was driven by the different wind fields and the whitecap-
ping coefficients, Cy;s and Deltay;s, were used for the model calibra-
tion. The Cy;s coefficient controls the overall dissipation rate, having a
primary effect on wave height, while the Deltay;s coefficient controls
the weight of dissipation in the energy-action spectrum, so that its
effect is shown over the wave period. Chao et al. [41] consider that
tuning the wave model with wind fields from general atmospheric
circulation models is not always optimal for more accurate hurri-
cane winds. Therefore, based on this observation, a fine tuning with
hurricane events was performed after a general tuning of the model.

The general tuning consists on using Cg;s values between 0.005 and
4.5 (values between 1 and 4.5 fall within commonly used values and
0.005 was tested for sensitivity) in order to find the best fit with the
data. Several tests were performed varying the Deltag;s coefficient,
finding a Deltag;s value equal to 0.8 as the optimal for this region.
The resulting significant wave height (SWH) scatter and QQ plots are
shown in Fig. 3 for NDBC 42001 during year 2005. The results show
that for values Cyis < 1 the resulting SWH is overestimated even for
small waves, which provides evidence of the lack of physical repre-
sentation of the whitecapping processes (i.e., wind speeds producing
such waves generate few whitecaps along the sea surface). For values
greater than 3 the resulting SWH for ERA and NARR reanalyses, even
for small SWH, is underestimated.

Subsequently, the fine tuning was performed running the model
for both simulation periods using a Cy;s = 1, 1.5 and 2, where an op-
timal value of Cgis = 1.5 and Deltagy;s = 0.8 was determined from the
simulations, which are close to the values established by Jose et al.
[42] and Siadatmousavi et al. [15,16] for the GoM. This value proved
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Fig. 4. SWH during Rita using varying Cg;s coefficient for different wind reanalysis as
forcing agent: NCEP (top), ERA (middle) and NARR (bottom).

to be optimal for the three wind reanalyses, so that they were ap-
plied for all simulations. From Fig. 3 it may appear that the NCEP
optimum value is around 3, but a detailed statistical analysis during
2006 (without a strong influence of hurricanes) shows an insignifi-
cant improvement with respect to Cy;s = 1.5. Resulting SWH at buoy
42001 during hurricane Rita for different Cy;s values is shown in Fig.
4, indicating that whitecapping (Cy;s coefficient) can only be used as
a calibration factor for a small compensation in the wind underesti-
mation by the reanalysis.

3. Model-data comparisons

Time series at the NDBC buoys locations were extracted from
model results and compared against observations. This section eval-
uates the model’s performance for the different wind reanalyses.

3.1. Model-data comparison: simulated periods (2005 and 2006)

As afirst estimate of the model performance, statistical parameters
are computed to assess the accuracy compared with SWH observa-
tions at buoys 42001, 42002, 42003, 42055 and 42056 during 2005
and 2006 (Table 5). Model and measured data are highly correlated
(r2 ~ 0.84 for NCEP, r2 ~ 0.94 for ERA, 12 ~ 0.92 for NARR). This is
expected since model calibration was focused on the energy content
only. For a more thorough analysis of the accuracy of the simulations,
temporal (shown as density) and quantile-quantile (QQ) scatter plots
for buoys within the simulated area are shown for the northern GoM
(42001), the Campeche Sound (42055), and the Mexican CS (42056)
in Fig. 5. The wave data output of the model is every 3 h, so that
comparisons were made with such time step. For the year 2005, char-
acterized as a highly active hurricane year, there is a strong hurricane
influence at buoys 42001 and 42056, and in a lesser extent at buoy
42055, which is consistent with the fact that most storm tracks (Fig.
1b) are far from this buoy location. Indeed, all wind reanalysis data
provide highly correlated (2 = 0.86 for NECP, r2 = 0.94 for ERA and 12
= 0.91 for NARR) SWH estimates in the Campeche Sound during this
year. On the other hand, there is an underestimation of approximately
40% for the highest SWH at 42001 for NCEP- and ERA-derived hind-
cast. This is also observed at 42056 when using NCEP and in a minor
degree when using ERA. The use of NARR provides accurate results
at the three locations reducing the difference between simulated and
measured highest SWH to approximately 10%, despite the fact that a
slight overestimation occurs at intermediate wave height cases.

For the year 2006 all reanalysis present a good agreement with
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Fig. 6. Temporal (density contours) scatter plots of observed vs. simulated PWP and
MWD values at different NDBC buoy locations during 2005-2006.

observations, with slight overestimation of the mean wave climate at
buoys 42001 and 42056. Most frequent events are well represented
at buoy 42055 for the three reanalyses. Model performance can be
improved for the most frequent waves by increasing the Cgy;s value.
However, the latter will have an effect on the prediction of extreme
SWH, particularly during 2005 hurricane’s season.

It is concluded that the ERA and NARR reanalysis provides better
SWH estimates than NCEP, which is corroborated with the statisti-
cal parameters presented in Table 5. Please note that the statistical
parameters smooth out inconsistencies during the low occurrence ex-
treme events, in that sense, the use of ERA data appears more accurate
with respect to NARR. On the other hand, the QQ plots show that the
NARR data provide more accurate results than ERA during extreme
events. Therefore, considering both extreme and normal events, we
can concluded that NARR data provide an overall better wave mod-
eling results, providing accurate results for both mean and extreme
events. Moreover, an assessment on the accuracy of peak wave period
(PWP) and mean wave direction (MWD) of each of the simulations
showed a good agreement with the data using the three different
reanalysis (Fig. 6).

3.2. Model-data comparison: hurricane events
Fig. 7 shows the SWH, PWP, and MWD at buoy 42001 during

hurricane Rita, where it is evident that NARR is the reanalysis that
most accurately represent the observed values during such event,
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Table 5
Statistical parameters for SWH comparing results using different wind reanalysis and in situ observations from NDBC buoys.
Stat.
Buoy Id param. 2005 2006 2005-2006
NCEP ERA NARR NCEP ERA NARR NCEP ERA NARR
No. obs. 28912 29062 57972
Mean obs. 1.162 1.072 1.112
Mean sim. 1.37 1.25 1.37 1.37 1.22 1.33 1.37 1.24 1.35
42001 Bias 0.21 0.10 0.22 0.30 0.15 0.26 0.25 0.12 0.24
Bias index 0.18 0.08 0.19 0.28 0.14 0.24 0.23 0.11 0.21
RMS 0.55 0.40 042 0.50 0.29 0.38 0.52 0.35 0.40
Scatter 0.48 0.34 0.37 0.46 0.27 0.36 0.47 0.31 0.36
Index
Corr. coef. 0.83 0.91 0.92 0.88 0.95 0.93 0.85 0.93 0.93
No. obs. 2480? b b
Mean obs. 1.242
Mean sim. 1.41 1.23 1.36
42002 Bias 0.16 -0.01 0.11
Bias index 0.13 —0.01 0.09
RMS 0.48 0.28 0.39
Scatter 0.38 0.22 0.32
index
Corr. coef. 0.82 0.92 0.88
No. obs. 25932 2909? 55022
Mean obs. 1.182 1.072 1.122
Mean sim. 1.15 1.08 1.13 1.07 0.98 1.02 1.11 1.03 1.07
42003 Bias -0.03 -0.10 -0.05 0.00 -0.09 —0.06 -0.02 -0.10 —0.05
Bias index -0.03 —0.09 -0.04 0.00 —0.09 —0.05 -0.01 —0.09 —0.05
RMS 0.49 0.36 0.36 0.39 0.29 0.32 0.44 0.32 0.34
Scatter 0.41 0.30 0.30 0.36 0.27 0.30 0.39 0.29 0.30
index
Corr. coef. 0.81 0.91 0.91 0.87 0.94 0.92 0.85 0.92 0.91
No. obs. 18542 27272 45812
Mean obs. 1.152 1.18? 1.162
Mean sim. 1.23 1.15 1.20 1.29 1.18 1.21 1.27 117 1.21
42055 Bias 0.09 0.01 0.05 0.11 0.01 0.04 0.10 0.01 0.04
Bias index 0.08 0.01 0.04 0.10 0.00 0.03 0.09 0.01 0.04
RMS 0.38 0.24 0.29 0.47 0.25 0.28 0.44 0.25 0.28
Scatter 033 0.21 0.25 0.40 0.21 0.23 0.38 0.21 0.24
index
Corr. coef. 0.86 0.94 091 0.83 0.94 0.92 0.84 0.94 0.92
No. obs. 18782 18892 37672
Mean obs. 1.272 1.122 1.20°
Mean sim. 1.42 1.39 1.33 1.38 1.29 1.21 1.40 1.34 1.27
42056 Bias 0.15 0.12 0.06 0.26 0.17 0.09 0.20 0.14 0.08
Bias index 0.12 0.10 0.05 0.23 0.15 0.08 0.17 0.12 0.07
RMS 0.65 0.34 0.37 0.36 0.25 0.28 0.53 0.30 0.33
Scatter 0.51 0.27 0.29 0.32 0.22 0.25 0.44 0.25 0.27
index
Corr. coef. 0.78 0.95 0.94 0.89 0.94 0.87 0.80 0.95 0.92

@ Values correspond to observations at NDBC buoy.
b There are no observations for NDBC buoy 42002 during 2006.

whereas a significant underestimation of SWH is presented for the
NCEP and ERA reanalysis. The statistical parameters (i.e., bias index,
scatter index, and correlation coefficient) for the selected hurricane
events at different buoy locations are shown in Table 6. The bias
index indicates that for most events there is a slight overestimation
on SWH and in general ERA provides better estimates. The scatter
index is generally better for the NARR and ERA reanalyses, as well as
the correlation coefficient, which is significantly lower for the NCEP
reanalyses in most events and locations.

Furthermore, in order to provide a visual representation of time-
dependence of the different wave parameters (i.e., PWP, SWH and
MWD) during the event, Fig. 8 shows the time series for the selected

events at a selected location, where the y axis represent the SWH
(value given at vector origin), PWP is represented by vector length and
MWD by vector azimuth. As shown in the figure, NARR provides the
best representation of the waves generated by the selected hurricane
events, except during Rita at buoy 42002 (Fig. 8e) and hurricane Emily
at 42056 (Fig. 8g). On the other hand, the NARR reanalysis provides
extremely accurate wave parameters during Rita at buoy 42001 (Fig.
8b), Dennis at buoy 42003 (Fig. 8c), Katrina at buoy 42003 (Fig. 8d)
and Wilma at buoy 42056 (Fig. 8h). During Katrina at buoy 42001 (Fig.
8a) there is a slight overestimation of SWH and during Emily at buoy
42055 (Fig. 8f) the MWD and PWP are not as accurate.
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Table 6
Statistical parameters for SWH comparing results using different wind reanalysis and in situ observations from NDBC buoys during selected events.

Event Buoy No. obs. Bias index Scatter index Correlation coefficient
NCEP ERA NARR NCEP ERA NARR NCEP ERA NARR
42001 18 -0.15 -0.04 0.22 0.25 0.14 0.25 0.66 0.84 0.89
Dennis 42003 27 —-0.02 0.06 0.13 0.52 035 0.27 0.53 0.78 091
42055 30 0.23 0.02 0.13 0.30 0.18 0.22 0.86 0.92 0.89
42001 34 0.13 0.10 0.24 0.37 0.24 0.34 0.72 0.90 0.94
Emily 42003 23 -0.23 -0.22 -0.03 0.43 034 0.12 0.44 0.83 0.94
42055 19 0.09 -0.09 -0.13 0.23 0.25 0.23 0.67 0.76 0.84
42056 48 0.07 0.00 —-0.08 0.18 0.14 0.20 0.71 0.79 0.87
42001 30 -0.19 -0.04 0.15 0.49 0.16 0.21 0.67 0.96 0.97
Katrina 42002 21 0.22 0.25 0.37 0.43 0.42 0.51 0.35 0.59 0.60
42003 16 -0.72 -0.24 0.02 1.19 0.47 0.12 0.67 0.93 0.99
Rita 42001 40 -0.21 -0.24 0.06 0.64 0.58 0.19 0.68 0.82 0.96
42002 36 0.22 0.17 0.31 0.41 023 0.41 0.65 0.96 0.96
42001 50 0.18 0.15 0.26 0.26 0.23 0.31 0.90 0.89 0.88
42002 39 0.22 0.13 0.27 0.35 0.19 0.32 0.66 0.88 0.84
Wilma 42003 57 —-0.08 -0.15 0.06 0.30 031 0.32 0.86 0.85 0.84
42001 23 0.03 0.03 -0.01 0.29 0.07 0.11 0.75 0.99 0.96
Norte 01 42003 24 0.03 0.08 -0.01 0.18 0.12 0.10 0.87 0.97 0.95
42055 23 0.14 -0.03 -0.03 0.37 0.21 0.23 0.78 0.94 0.93
42001 19 0.23 0.04 0.17 0.39 0.16 0.24 0.57 0.89 0.86
Norte 02 42003 23 0.23 0.02 0.06 0.36 0.11 0.19 0.79 0.97 0.92
42055 23 0.23 0.05 0.07 0.36 0.13 0.27 0.84 0.98 0.86
42001 23 —-0.01 -0.18 -0.04 0.40 023 0.14 0.64 0.98 0.98
Norte 03 42003 23 0.00 -0.13 -0.11 0.21 0.20 0.18 0.82 0.93 0.94
42055 23 0.09 -0.11 -0.13 0.49 0.19 0.19 0.64 0.98 0.98
42001 46 0.25 0.09 0.11 0.38 0.22 0.21 0.73 0.88 091
Norte 04 42003 44 0.03 -0.13 -0.13 0.27 027 0.26 0.78 0.80 0.80
42055 49 0.23 0.02 0.02 0.35 0.15 0.17 0.86 0.95 0.94
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Fig. 7. Time series of observed and simulated SWH (upper panel), PWP (middle

panel) and MWD (lower panel) during hurricane Rita. 3.3, Model-data comparisons: “Nortes” events

This section shows the wave model performance for the Nortes
season from January through March. Contrary to cyclonic events, a
general satisfactory performance for the three reanalyses is observed.
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Fig. 9. Measured and simulated wave parameters during Norte events at selected
locations. PWP, SWH, and direction represented by vector length, origin and azimuth,
respectively. (a) Norte 01 at 42001, (b) Norte 02 at 42001, (c) Norte 03 at 42001, (d)
Norte 04 at 42001, (e) Norte 01 at 42055, (f) Norte 02 at 42055, (g) Norte 03 at 42055
and (h) Norte 04 at 42055.

Table 6 shows the bias index, scatter index, and correlation coefficient,
respectively, for the selected Norte events at different buoy locations.
The bias index indicates that for most events there is an overesti-
mation on SWH using the NCEP reanalysis, whereas ERA and NARR
provide similar results. The scatter index shows a similar behavior,
and the correlation coefficient shows excellent values for the NARR
and ERA reanalyses and significantly lowers for the NCEP reanalysis.

As presented for the selected hurricane events, vector plots of
SWH, PWP and MWD (Fig. 9) allow a visual inspection of the model
performance for Norte events at the location of buoys 42001 and
42055. A good model estimate is obtained for the 3 wave parameters
shown with the use of the 3 reanalyses, except for an overestimation
of SWH using the NCEP reanalysis. Thus, NCEP, ERA, and NARR have in
general a satisfactory performance when simulating waves generated
by large scale meteorological systems such as Nortes.

3.4. Sensitivity analysis to reanalysis resolution

Despite an overall better statistical performance by ERA reanalysis
over NARR, there is a continuous underestimation of SWH during hur-
ricane events using ERA. Moreover, despite the wind speeds during
hurricanes are very similar for NARR and ERA databases, the resulting
hurricane generated SWH cannot be reproduced with ERA as accu-
rately as with NARR (see Fig. 8). Since the NARR reanalysis has a higher
spatial and temporal resolution (0.375° and 3 h) with respect to ERA
(1.5° and 6 h) it was considered appropriate to test the wave model
sensitivity to wind field resolution. An independent simulation using
NARR with ERA spatial resolution (1.5°) has been conducted (the res-
olution was reduced by selecting one of every fourth grid point and
the temporal resolution was kept 3 hourly). This allows investigat-
ing the effect of NARR wind fields with a 1.5° spatial resolution on
the modeling of hurricane events. Fig. 10a-d shows a snapshot of the
wind fields during hurricane Rita, as obtained from each of these two
reanalyses, where it is clearly shown that the NARR provides a better
qualitative representation of the cyclonic events. To contrast hurri-
cane events with Nortes, Fig. 10e-h shows the wind fields during the
Norte 04 event, as obtained from the different reanalyses. The large
scale structure of the Norte event is well represented from the three
reanalyses, mainly because the wind speed and direction is homoge-
neous in such systems.

Fig. 11 shows the temporal QQ scatter plot for 2005 and 2006
simulation periods, suggesting that when the NARR wind fields are
fed into the wave model with a coarse grid (similar to ERA - 1.5°)
the higher SWH are underestimated, similar to the results using the
ERA wind fields for the 2005 period. However, NARR results during
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Fig. 10. Wind fields during hurricane Rita as defined by (a) NCEP, (b) ERA, (c) NARR,
(d) NARR with ERA resolution and during Norte 04 as defined by (e) NCEP, (f) ERA, (g)
NARR and (h) NARR with ERA resolution.
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Fig. 11. Temporal (density contours) and QQ (dots) scatter plots of observed vs. simu-
lated wind speed at NDBC 42001 during 2005 and 2006 using NARR data in ERA spatial
resolution.

2006 are similar, irrespectively of the wind field resolution. This sug-
gests that availability of ERA wind fields in a finer grid may improve
wave simulations during cyclonic events, with the added advantage
of having a global coverage.
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4. Conclusions

Long-term wave hindcasting accuracy in tropical regions is lim-
ited by the low spatial and temporal resolution of wind reanalysis for
describing cyclonic events. Previous studies have proposed to com-
pensate this underestimation by analyzing particular events and in-
corporating new techniques for determining winds fields during such
events (e.g., blending hurricane wind fields). However, this may not
be feasible for long-term wave hindcasting where detailed informa-
tion on cyclonic events is not available. Thus, an assessment of the
wind reanalyses was performed to investigate the current limitations
of three different data sets. Numerical results suggest that the under-
estimation of wind speed by available reanalyses can be compensated
in the wave model by reducing the energy loss due to whitecapping,
i.e,, reducing the Cy;s coefficient. Although physically incorrect, the
whitecapping parameters work as a fine tuning knob, providing bet-
ter wave hindcast both for normal and extreme events. The calibra-
tion of the wave model was carried out in order to improve hindcast
results for each of the wind reanalysis data set used. Therefore, the
assessment of the wind reanalysis for wave modeling is not influ-
enced by the model calibration. It was determined to use the same
setup for the assessment of the wind reanalysis for wave modeling,
considering such a setup was optimal for each database. It should
be mentioned that while the Cy;s coefficient is used as a calibration
parameter, current efforts of the research group are being oriented
toward the generation of more accurate wind fields under cyclone
events and implementing a saturation limit to wave growth due to
wind input.

Based on the statistical analysis, the assessment of three different
wind reanalyses (NCEP, ERA and NARR) for its performance in wave
modeling showed that the ERA and NARR reanalyses provided the
best accuracy in terms of mean wave climate (12 ~ 0.84 for NCEP, r2
~ 0.94 for ERA interim, r* ~ 0.92 for NARR). However, the detailed
analysis of extreme events shows that during cyclonic (hurricane)
events the SWH is better reproduced using the NARR wind fields.
Finally, all wind reanalysis (i.e., NCEP, ERA and NARR) resulted in a
good representation of wave parameters when simulating extreme
waves generated by large scale meteorological systems (e.g., Nortes).
Despite differences in the atmospheric models used to determine the
wind fields, it is shown that the spatial resolution has an important
effect on the wave modeling by the fact that NARR improves the wave
modeling under hurricane events as compared with lower spatial
resolution simulations.
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