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Abstract

This study investigates the resonated diurnal impact of the surface wind forcing from several atmospheric wind products,
including CCMP (Cross-Calibrated Multi-Platform), ERA Interim, NCEP-2 (NCEP-DOE AMIP-II Reanalysis), MERRA
(Modern-Era Retrospective analysis for Research and Application), NARR (Northern American Regional Reanalysis) and
NAM (North American Mesoscale Forecast System), on the wind-driven near-inertial ocean motions in the northern Gulf
of Mexico by numerical simulation, and in comparison, with NDBC buoy surface observed winds. Our analyses show that
the near-inertial wind power input, which can affect vertical mixing in the water column, is closely associated with the vari-
ability of land-sea breeze by various wind products. In comparison with buoy observations in the northern Gulf of Mexico,
the MERRA has the worst land-sea breeze representation, while the NCEP2 and CCMP, which are chosen to represent the
coarsest and medium-high horizontal resolution, have the best performance. We further show that by comparison of the buoy
data, that the near-inertial wind power input derived from all the wind products is underestimated by 30-50% approximately.

Keywords Gulf of Mexico - Land—sea breeze - Numerical simulation - Oceanic near-inertial waves

1 Introduction

Near-inertial waves excited by wind stress at the ocean
surface have long been recognized as an important source
of ocean kinetic energy (Munk 1980). About 75-85% of
power input is estimated to dissipate within the upper ocean
(~200 m) due to the enhanced vertical shear at the bottom
of the mixed layer (Furuichi et al. 2008; Zhai et al. 2009),
elevating mixing levels in the upper water column and cool-
ing the sea surface temperature. This further may influence
the climate through air-sea heat fluxes and atmospheric tel-
econnections (Jochum et al. 2013).
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Wind power input to near-inertial motions in the ocean
is estimated to be in the range of 0.5-1.4 TW (e.g., Wunsch
1998; Watanabe and Hibiya 2002; Alford 2003a, b; Jiang
et al. 2005; Rimac et al. 2013). The large variation in the
estimate results is mostly due to the uncertainty in winds that
are responsible for generating near-inertial (NI) motions. It
is found that the wind power input tends to increase with
increasing spatial and temporal resolutions of wind products
(e.g., Klein et al. 2004; Jiang et al. 2005; von Storch et al.
2007 and 2012, Rimac et al. 2013). For instance, Rimac
et al. (2013) calculated the power input using a global eddy-
resolving ocean model forced by NCEP Climate Forecast
System Reanalysis (CSFR; Saha et al. 2010) wind stresses
subsampled at different resolutions and showed that the
wind power input increases from 0.3 TW for low-resolution
(6 hourly, 1.875°) wind stresses to 1.1 TW for high-resolu-
tion wind stresses (1 hourly, 0.35°).

Most of the NI oscillations are generated during the
passage of atmospheric fronts, winter storms, and tropical
cyclones/hurricanes. However, near the critical latitude
(30°), NI motions can be also generated by the resonance
between atmospheric diurnal circulations and local inertial
oscillations due to the coincidence between the inertial
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frequency and diurnal frequency (Craig 1989a, b). Litera-
tures have demonstrated that the resonant ocean response
can be found in New York Bight (Hunter et al. 2007), the
Georgia Bight (Edwards 2008), the Southern California
Bight (Nam and Send 2013), the Namibian shelf (Hyder
et al. 2011; Simpson et al. 2002), and the Catalonian shelf
(Rippeth et al. 2002). In addition, such ocean response
plays a dominant role in generating NI motions in the
Northern Gulf of Mexico around the critical latitude where
diurnal wind variation is strong in summer due to the pres-
ence of land-sea breeze (LSB) circulation (Simpson et al.
2002; Zhang et al. 2009). Teague et al. (2014) pointed
out that inertial currents can be easily enhanced during
summer by phase-locking with LSB to reach a speed over
20cm s~

The Northern Gulf of Mexico has been extensively
studied using ocean model simulations forced by various
wind products [CCMP/NCEP GFS winds: Xu et al. 2013;
COADS (Comprehensive Ocean—Atmosphere Dataset)
winds: Morey et al. 2005; Zavala-Hidalgo et al. 2003;
NARR winds: Feng et al. 2014; Zhang and Hetland 2012;
NCEP winds: Cardona and Bracco 2016]. However, dif-
ferences among these wind products in representing the
LSB and their immediate influences on simulated oceanic
NI motions have not been systematically evaluated. Given
the close associations between surface wind forcing and NI
motions, it is of interests to evaluate how well the diurnal
variability of these wind datasets compares to that of buoy
observation and its impact on the modeled NI motions
over the Northern Gulf of Mexico. In this study, we assess
the representation of diurnal winds in several widely used
wind products, and their impact on simulating NI motions
based on an eddy-resolving regional ocean model. A brief
description of the ocean model and model experiments is
illustrated in Sect. 2. A systematic assessment for various
wind products is detailed in Sect. 3. The conclusions and
discussions of the study are summarized in Sect. 4.

Table 1 Parameters of the wind dataset used in this study

2 Data and Methods
2.1 Surface Wind Data

Several widely use of gridded 10 m wind products are
exanimated in this study (Table 1), including Cross-Cali-
brated Multi-Platform (CCMP; https://climatedataguide.
ucar.edu/climate-data/ccmp-cross-calibrated-multi-platf
orm-wind-vector-analysis; Atlas et al. 2011), ERA Interim
(ERAI, https://www.ecmwf.int/en/forecasts/datasets/reana
lysis-datasets/era-interim; Dee et al. 2011), Modern-Era
Retrospective analysis for Research and Application rea-
nalysis (MERRA, https://gmao.gsfc.nasa.gov/reanalysis/
MERRA/; Rienecker et al. 2011), NCEP Atmospheric
Model Intercomparison Project Reanalysis (NCEP2,
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.
reanalysis2.html; Kanamitsu et al. 2002), NCEP North
American Regional Reanalysis (NARR https://www.esrl.
noaa.gov/psd/data/gridded/data.narr.html; Mesinger et al.
2006), and North American Mesoscale System (NAM,
https://www.ncdc.noaa.gov/data-access/model-data/
model-datasets/north-american-mesoscale-forecast-sys-
tem-nam; Rogers et al. 2009). The NCEP2 is chosen to
represent the coarse resolution; the MERRA, ERAI and
CCMP are chosen to represent medium—high horizontal
resolutions; the NARR and NAM are chosen to represent
high horizontal resolutions. All these gridded wind prod-
ucts are on a reanalysis level except NAM, which is a
forecast product.

The observational wind dataset used for validating the
reanalysis winds was obtained from the National Data Buoy
Center (NDBC). This dataset provides continuous wind
measurements at various buoy stations over the Gulf of
Mexico. However, the wind is measured at different height
with different time stamps (e.g., 5, 10 or 30 min) at different
stations. To facilitate comparisons with the reanalysis winds,
the observed winds were all converted to the standard height

Acronym Name of Product Grid resolution Time resolution
CCMP Cross-Calibrated Multi-Platform Ocean Surface Wind Dataset 0.25°x0.25° 4 times daily
ERAi ECMWF ERA Interim 0.75°x0.75° 4 times daily
MERRA Modern-Era Retrospective analysis for Research and Application reanaly- 0.667°x0.5° 24 times daily
sis

NCEP2 NCEP-DOE reanalysis 2 1.875°%x1.875° 4 times daily
NARR NCEP North American Regional Reanalysis 32 kmx 32 km 8 times daily
NAM North American Mesoscale System 12 kmx 12 km 3 hourly fore-

cast, 4 times
daily
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of 10 m above the sea surface based on the neutral wind
conversion by Large and Pond (1981).

It should be noted that the temporal resolution differs
among different products. Therefore, differences in simu-
lated NI waves by various wind products can come from
either the accuracy of the products in representing the LSB
or/and the sampling frequency of the datasets. The influence
of the latter on simulated NIOs has been well studied (Klein
et al. 2004; Rimac et al. 2013) and an analytical expression
for the influence was derived (Jing et al. 2015). Therefore,
we focus on the former effect in this study. To eliminate
the sampling frequency effect, we subsampled all the wind
products onto the same 6 h interval so that the temporal
resolution for all the wind products is identical.

2.2 Near-Inertial Wind Power Input

Near Inertial (NI) I Wind Power Input (WPI) is the dot
product of wind stress and surface velocity vector within
near-inertial band. To introduce the NI WPI, a commonly
used damped slab ocean model will be introduced here. The
slab ocean model describes a simple dynamical mixed layer
model of a constant depth with linear Ekman dynamics, and
the use of a slab ocean model (Pollard and Millard 1970;
D’Asaro 1985; Alford 2003a; Mickett et al. 2010) provides
an analytically tractable way to study the generation of near-
inertial oscillations by surface winds. This simple modeling
analysis assumes that (1) nonlinear advective processes are
negligibly small, (2) near-surface currents are vertically uni-
form within the surface mixed layer, (3) wind stresses van-
ish at the mixed-layer base, (4) vertical mixing is negligible
and (5) downward radiation of near-inertial energy through
the pressure term can be parameterized as a linear damping
term. Under these assumptions, the horizontal momentum
equation within the slab ocean model can be written as:

dz

nz_ T
E+(r+l‘f)Z_H’ (1)

where Z=u+iv is the mixed layer currents;
T = p~'(z, + ir,) indicates the 10 m wind stress; p is the air
density;t,, T, indicate the wind stress on x, y directions; H
is the mixed-layer depth (MLD); fis the local inertial fre-
quency; r is a tunable damping coefficient representing the
radiational decay by downward propagation of near-inertial

waves, and can be written as,

r(o) = r0<1 — e_;”_?), 2)

wherer, = 0.15f, oistherotaryfrequencyando, = f 2
(Alford 2003a, b). The wind stress is estimated based on

Donelan et al. (2010). The MLD is fixed at the climatologi-
cal summer value for simplicity as previous studies (Alford
2001) suggest that using a time-varying MLD does not sig-
nificantly affect the simulated near-inertial current. Based
on Ago)rd (2003a), the spectral domain response function,

= Ty can be written as,
o

10 =if +0)

R(O’):Hr2+(f+a)2,

3

As r< <f, the response function is strongly peaked
around ¢ = —f, corresponding to a resonance between the
near-inertial current and near-inertial wind forcing. The
near-inertial wind power input (WPI) then can be computed
as,

WPI, = Re{Z - T*} = !

2
Hergrop @

Since WPI; are strongly peaked at ¢ = —f (anticyclonic),
it then indicates that the WP, is linearly proportional to the
clockwise (CW) rotating near-inertial wind stress variance.

2.3 Ocean Model and Experiments

The regional ocean modeling system (ROMS) developed by
Rutgers University is used to simulate NIOs under realistic
oceanic settings. ROMS is a free-surface, terrain-following,
primitive-equation model based on hydrostatic and Bouss-
inesq approximations (Shchepetkin and McWilliams 2005).
It is designed to explicitly simulate regional oceanic cir-
culations with high-horizontal resolutions. Physics param-
eterizations adopted in the ROMS include a KPP (K-profile
parameterization, Large et al. 1994) vertical turbulent mix-
ing closure scheme, a bi-harmonic horizontal Smagorinsky
mixing for momentum, and a Laplacian horizontal mixing
for tracer diffusion. The simulation domain covers the entire
Gulf of Mexico (98-77°W and 18-33°N) with a 3 km hori-
zontal resolution. The vertical grid has 60 levels with at least
20 levels in the upper 100 m to resolve the vertical structure
of NI motions.

A series of experiments were performed by configur-
ing ROMS with the same surface-atmosphere conditions
except the surface wind forcing, which was computed from
different reanalysis products to compare the diurnal winds
represented by different datasets to observe and evaluate
its impact on NI wave simulations. All other atmospheric
variables required for computing surface momentum fluxes
and surface heat fluxes were obtained from the ERAI, and
the initial and boundary conditions for ROMS were derived
from HYCOM GOM analysis (HYCOM expt 31.0). Because
of the initial and boundary condition and the importance of
the MLD, the simulated mean MLD is used to validate the
model performance. As such, the simulated mean MLD is
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in good agreement with that derived from HYCOM (not
shown) and believe the model simulation outputs are trust-
able. Another point we would like to address here is that we
use ERAI as a reference dataset in the model comparison
section in this study. This is because 1) ERALI is the standard
dataset operated by ECMWEF, and 2) the CCMP wind analy-
sis uses the ERA-Interim reanalysis winds as a first guess to
find a best-fit solution to all of the available observations,
including the inter-calibrated satellite data from numerous
radiometers and scatterometers and in-situ data from moored
buoys.

The Experiment runs, such as CCMP, MERRA, NCEP2,
NARR, and NAM, are named by the surface wind products
that applied. Simulations forced by various wind products
were carried for one summer season (May—Sept) because
the strongest LSB is occurred during summer (Zhang et al.
2009). Moreover, sea surface salinity was restored to its
climatological value (CARS2009, Ridgway et al. 2002) to
account for the river discharge effect that is not included in
the ROMS simulations. Model outputs were archived every
3 h for analyses. Notice here we had chosen the year 2010 for
the numerical experiments to compare with the observation.
Year 2010 is a special year for the Gulf of Mexico because
of the Deepwater Horizon Oil Spill event. Deepwater Hori-
zon located at 28.74°N and 88.37°W, which is located at
Mississippi Canyon. The oil spill event began on 20 April
2010 and was declared sealed on 19 September 2010. The
entire period overlapped with the entire lifetime of the boreal
summer near-inertial oscillation phenomena, so these phe-
nomena have the potential triggers the vertical mixing in the
surface water as well as the ocean interior.

Following Jing et al. (2015), the NI motion is analyzed
based on the variance of the anti-cyclonically rotating
currents with a frequency between 0.8 f and 1.2 f where f
denotes the local inertial frequency. A slight modification
of the lower and upper bounds does not have any significant
impact on the major conclusions in this study. We focus on
anti-cyclonically rotating variance because it is a key feature
of near-inertial motions.

3 Results

3.1 Analysis of the Representation of LSB in Various
Wind Products

As described in the introduction, the continental shelf in
the Northern Gulf of Mexico is located along the critical
latitude (30°N) where local Coriolis frequency is equal to
diurnal frequency. Also, due to the Coriolis effect, wind
vectors associated with the LSB are expected to rotate
the clockwise (anticyclonic direction) during the day
(Haurwitz 1947; Neumann, 1984; Abatan et al. 2014),
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which is in the same direction as the inertial oscillation
in the ocean. For these two reasons, when investigating
the resonated NI waves by land-sea breeze (LSB) circu-
lation, it is always separated the clockwise and counter-
clockwise rotations of winds. To do so, we applied rotary
spectrum analysis here. Because of Coriolis effect, wind
vectors associated with the LSB are expected to rotate
clockwise (anticyclonic direction) during the course of the
day (Haurwitz 1947; Neumann 1984; Abatan et al. 2014),
which is in the same direction as the inertial oscillation
in the ocean.

Figure 1 shows the domain averaged rotary spectrum
of winds in the northern Gulf of Mexico (26°N to 30°N)
derived from various wind products. The rotary spectrum
analysis decomposes wind spectra into the clockwise and
counter-clockwise component. From Fig. 1, it is evident that
the clockwise component exhibits a much more pronounced
peak near -1 cpd (cycle per day) (referred to as CW hence-
forth) than the counter-clockwise component (near 1 cpd,
referred to as CCW henceforth), consistent with the LSB
circulation. As f value varies from 0.88 (cycle per day) to
1 cpd between 26°N and 30°N, there is a significant overlap
between diurnal frequency and inertial frequency band. It is
expected that within this region resonant response of near-
inertial oscillations to LSB can occur.

Despite that the inertial peaks are evident in all the wind
products, their amplitude varies significantly. For the CW
peak, the largest amplitude is given by NCEP2 and reaches
1x103 m? s~!, which is more than 1.5 times the value of
MERRA and ERA.. In contrast, NARR produces the largest
amplitude for the CCW peak, whereas the smallest ampli-
tude is given by MERRA. Therefore, different wind prod-
ucts differ not only in the intensity of LSB but also in its
polarization.

We further compare diurnal wind ellipses computed from
various wind products to those of buoy observations during
the summer of 2010. A Butterworth band-pass (0.8—1.2 cpd)
filter (Zhang et al. 2009) was first applied to the wind data
at each station to extract the wind signal within the diurnal
band. Then this bandpass filtered wind was subject to a har-
monic analysis to estimate the phase and the amplitude of
both zonal and meridional wind components. The size of the
wind ellipse measures the amplitude of LSB while the shape
of the ellipse reflects the polarization of LSB. For example,
if the eccentricity of the ellipse is closed to zero (i.e., a circu-
lar shape), it means that the wind vector of LSB is isotropic
with equal significance for u and v wind components and
rotates like a circle with time. In contract, if the eccentricity
is closed to unity, it means the LSB blows back and forth in
a certain direction. As an example, if the ellipse is elongated
in the south-north direction, it means the v-wind component
is dominant with an insignificant u-wind component. The
solid red triangle represents the synoptic snapshot of diurnal
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Fig.1 Domain averaged rotary spectrum of surface winds among
various wind products (colors) in the northern Gulf of Mexico
(26°N-30°N) respecting by Coriolis frequency (a). Lower-left panel
(b) shows the frequency limitation between from — 1.2 fto — 0.8 f for

wind vectors at 1900 local time at each ellipse, indicating
the phase information of the diurnal winds.

Figure 2 displays the wind ellipses computed from the
various wind products and the buoy observations. The mag-
nitude of the diurnal winds located on the Texas-Louisiana
Shelf (TLS) from the reanalysis products are quite close
to the buoy winds. The largest difference in diurnal wind
amplitudes between reanalysis products and buoy obser-
vations occurs on the northeastern coastal of the Gulf of
Mexico, where the intensity of the diurnal winds from all
the reanalysis products is systematically underestimated by
58-75% compared to that of the buoy observations. This

Counter-Clockwise (C-CW) Spectra

102 10 . Rolal"y Spectrum of Wind Products

T
—CCMP
—ECMWF |
—CFR -
MERRA
—NAM
NARR
—NCEP2

27 //i\ —

N . N =

Power Amplitude (m2s2)

0 i
08 08s 09 095 1 105 11 115 12

Frequency (f)

the clockwise rotation surface winds and lower right panel (¢) shows
the frequency limitation between 0.8 fand 1.2 f for the counterclock-
wise rotation surface winds on the lower-left panel

means that the current reanalysis/analysis wind products
cannot well resolve the diurnal wind patterns, especially in
the Northern East Gulf of Mexico, i.e., the western shore
of Florida. The potential causes of these discrepancies are
many, including but not only the temporal resolution, spatial
resolution, and spatial resolution associated with the shape
and the location of land/sea boundary within the model,
the choice of Planetary Boundary Layer Parameterization
Schemes, and so on. Although the exact reason behind these
discrepancies is unknown, one major possible reason may
be related to the relatively low horizontal resolutions of the
wind products (Kara et al. 2008). Because wind speeds are
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Fig.2 Near-diurnal (between 0.8 and 1.2 cpd) surface wind ellipse
harmonic analysis from buoy measurement (a), CCMP (b), ERAI (c),
MERRA (d), NAM (e), NARR (f), and NCEP2 (g). The ellipses are

uniformly gridded, the coarse spatial grids near the land-
sea boundaries may have difficulties to properly distin-
guish the values between ocean and land. This is so-called
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“land-contaminated” ocean-only winds or “ocean-contami-
nated” land-only winds, and typically depends on the extent
of the land-sea mask.
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To further quantify the difference between the obser-
vations and simulated wind products, we introduce three
Root-Mean-Square-Error (RMSE) functions defined as:

n 2

RMSECW _ \/anl (Vwindcw - Vbuoycw) ’ 3)
n

ZZ—] (Vwindccw - Vbuoyccw)2 6

RMSE ¢y = = , (6)
n
Yo (Ryina — R )2
RMSE,, = |/ Za=l i o) o
n

where 7 is the number of the buoy stations, Vy? and Veew”
are the CW and CCW rotating wind variance in the diurnal
band, and R is the ratio of V-y, to V-cw. The subscript buoy
and wind denote the values computed from the buoy and
wind products, respectively. Equations 5 and 6 compute the
RMSE for the CW and CCW rotating diurnal wind ampli-
tude, respectively. Equation 7 computes the RMSE for the
ratio of CW to CCW rotating diurnal wind amplitudes and
provides a measurement for the difference of polarization
between the observations and reanalysis wind products. Note
that only Eq. 5 is relevant to the NI wind power and wind-
generated NI kinetic energy in the ocean as only the CW
rotating NI winds can resonate with NI waves in the ocean.
The results from Eq. 5 to Eq. 7 are summarized in Table 2a.
By comparing with observation, it is clear that in comparing
CW rotating winds, the CCMP and NCEP2 have the small-
est RMSE while ERAi1, NAM, and NARR are at the same
level. Surprisingly, the MERRA has the worst representation
of CW rotating winds. Regarding the CCW rotating winds,
CCMP, ERAI1, NAM, and NARR are at the same simulation
skill level as the lowest RMSE. The difference in CW rotat-
ing winds, although NCEP2 has the best CW rotating repre-
sentation skills, the CCW representation skill is worse than

Table2 Comparable information among numerical experiments.
(a) Root-Mean-Square Error for power amplitude of wind ellipse
between buoy measurement and wind products. (b) Sum of the near-

the other products but better than MERRA. CW/CCW ratio
RMSE can be represented as the simulation skill of diurnal
winds. In this comparison, NCEP2 has the best representa-
tion skill, MERRA is the next. NAM and NARR are at the
same level, and CCMP and ERAI belong to the worst case.
The NCEP2 has the best simulation skills by comparing with
other comparisons of wind products, although it still has an
issue in representing CCW rotating winds. CCMP has bet-
ter CW rotating wind magnitude and the CCW; the ratio of
CW/CCW indicates it does not well represent the amplitude
of diurnal winds. Overall speaking, if we only consider the
diurnal winds, the NCEP2 is the best wind product in this
comparison, even though it cannot represent the CCW rotat-
ing winds well. MERRA has good representation skills in
CW/CCW ratio; however, because it has the worst RMSE
in CW and CCW rotating winds (i.e., smallest amplitude,
Fig. 2), we believe it is the last product to choose consider-
ing the diurnal winds. Note that the slab ocean model shows
that only the CW rotating winds can resonate with NI waves
in the ocean. Such a conclusion is relevant to Eq. 5. There-
fore, we think the NCEP2 and CCMP are the first and second
wind products to consider when investigating the diurnal
wind-driven NI waves, while the MERRA is the last.

3.2 The Impact of Different Wind Products
on the Simulated NIWs

In this section, we investigate the sensitivity of near-inertial
wave response to diurnal wind variability in the northern
Gulf of Mexico during summer using the framework of a
realistic ocean model—ROMS. Figure 3 shows the spatial
distribution of the summer-mean NI Wind Power Input
(WPI)—the dot product of wind stress and surface veloc-
ity vector—simulated by ROMS forced by wind stresses
from various wind products in 2010. The similarities are
quantified using pattern correlation in reference to ERAi
(Table 2b). The ERAi and CCMP have the highest correla-
tion, probably because CCMP was produced by the same

inertial WPI, among wind products over the northern Gulf of Mexico,
and their pat-tern correlation. The contribution of near-inertial WPI
in total WPI is showing in percentage in total WPI

CCMP ERAI NAM NARR MERRA NCEP2
Power amplitude integral RMSE (CW) 0.578 0.698 0.660 0.671 0.717 0.552
Power amplitude integral RMSE (CCW) 0.005 0.005 0.005 0.004 0.577 0.395
CW/CCW RMSE (CW) 1.075 1.013 0.459 0.493 0.016 0.005

CCMP ERAI NAM NARR MERRA NCEP2
Total near-inertial wind power input (TW) 5.20E-04 3.60E-03 4.20E-04 4.60E-04 2.80E-04 4.20E-04
Percentage in total WPI 5% 9% 5% 10% 8% 3%
Pattern correlation (WPI) 0.904 1.000 0.745 0.828 0.883 0.740
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Fig. 3 Difference in simulated near-inertial wind power input among experiments over the North Gulf of Mexico (25°N above). From upper to
lower and from left to right is CCMP, ERAi, MERRA, NAM, NARR, NCEP2, respectively

modeling system as the ERA product with an advanced sat-
ellite surface wind assimilation scheme. In contrast, NAM
and NCEP2 produced the lowest pattern correlation value
of ~0.74.

Although the spatial patterns of wind power derived from
various wind products are similar (As shown in Fig. 3, in
all cases, high values of WPI are concentrated along the
northern coast of the Gulf of Mexico (26°N and above) and
spread mostly over the continental shelf with the maxi-
mum located near the Mississippi Delta-Atchafalaya Bay),
their magnitudes differ significantly. This is because that
the uncertainties of the diurnal winds existed among wind
products. For example, CCMP produced the strongest WPI
with a maximum value reaching 2.0 x 10 Wm~2 near
the Mississippi-Atchafalaya River plume region between
26-30°N and 92-88°W. Some high values of WPI are also
found in the northeastern Gulf just offshore of St. Joseph
Bay (~84°W) and in the northwestern Gulf near the Texas
Shelf. Similar patterns of WPI can be found in ERAi NARR,
and MERRA, but the magnitude is weaker by at least 50%.
The magnitudes of WPI in NARR and NAM are quite simi-
lar, but the highest value of WPI in NARR only occurs near
the Mississippi River bight, while in NAM the highest WPI
value up to 1.5x 10~ Wm~2 occurs in the western Gulf
between 25-27°N and 96-93°W with a second peak in the
region between 27-30°N and 89-85°W. Unlike others, high
WPI values in NCEP2 spread mostly over the entire Texas-
Louisiana Shelf. The spatial distribution of the maximum
WPI located near the Mississippi Delta-Atchafalaya Bay is
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because the MLD at this region is shallower. This can be
explained by the theoretical analytic equations of the slab
ocean model. In the slab ocean model, the near-inertial WPI
is proportional to the reverse of the mixed layer depth (i.e.,
1/H). In reality, during the summer period, the Mississippi-
Atchafalaya River carries a significant amount of freshwater
into the northern Gulf of Mexico, resulting in the shallow
and stable MLD. Thus, although the amplitude of diurnal
winds in another region like the Texas-Louisiana Shelf is
much stronger than the Mississippi Delta-Atchafalaya Bay,
the near-inertial WPI is still higher in the Mississippi Delta-
Atchafalaya Bay region.

According to Furuichi et al. (2008) and Zhai et al. (2009),
a majority (75-85%) of the WPI to near-inertial motions is
dissipated within the upper ocean owing to enhanced vertical
shear at the base of the mixed layer. This dissipated near-
inertial wave energy is likely to contribute strongly to verti-
cal mixing at the mixed-layer base. To examine how different
wind products may affect mixing processes within the mixed
layer, we integrated the near-inertial shear variance from
surface to 50 m (S% = f;)()m[(()u,»/dz)2 + (()v[/dz)z]dz) in
each of the ROMS experiments. The subscript i indicates the
near-inertial mode. The 50 m-depth is chosen because the
summer MLD is typically shallower than 50 m. The results
are shown in Fig. 4. Strong similarities among the experi-
ments are clearly observed that there is a general agreement
between shear variance and wind power. For example, high
values of vertically integrated near-inertial shear variance
up to 1.0 x 102 ms~2 are found along the northern Gulf of
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Fig.4 Similar with Fig. 3, but for Spatial distribution of simulated near-inertial vertical shear variance integral from ocean surface to 50 m depth

over North Gulf of Mexico

Mexico near the Mississippi-Atchafalaya River plume region
where high WPI is also found. Consistent with WPI, the
weakest shear variance is found in the MERRA simulation,
where has the weakest diurnal wind forcing. Typical orders
of shear variance within the mixed layer in our numerical
experiment during summer are between 10~ and 1076 s72.
The maximum shear variance along the northern Gulf of
Mexico is found near the Mississippi Delta-Atchafalaya
Bay in the ROMS experiments with values approaching
2x 107 s72. It suggests that the existence of NI waves may
contribute to the deepening of the bottom depth of the mixed
layer in that region.

4 Summary and Discussion

In this study, we show that there are significant differences
in the currently available reanalysis wind products in rep-
resenting diurnal wind variability along the northern Gulf
coast where LSB circulation dominates during summer. By
validating simulated winds to in situ buoy observations,
we are able to identify biases in the reanalysis winds. One
of the major biases is that all the reanalyzed winds sys-
tematically underestimate the diurnal wind variation in the
northeastern Gulf of Mexico off the western Florida shelf.
Given the broad shelf of the region, the bias in reanalysis
winds can lead to significant errors in simulating near-
inertial motions in the ocean if they are used to construct
ocean model forcing fields, such as COREII (Coordinated

Ocean Research Experiments version 2 Large and Yeager
2009). The cause of this bias in reanalysis winds is not
clear. Although some possibilities are addressed before,
further studies are required to investigate this issue.

We then examine the sensitivity of near-inertial response
of the ocean to various reanalysis wind products by conduct-
ing a set of high-resolution ROMS simulations. Using these
simulations, we explore relationships between near-inertial
WPI and diurnal wind variability in different wind prod-
ucts, respectively. The simulation results show high values
of WPI along the northern Gulf coast, particularly near the
Mississippi Delta-Atchafalaya Bay—a finding that supports
the dominance of NI resonant response to diurnal winds in
the region. Moreover, the simulations show a significant
sensitivity of NI WPI in the northern Gulf region to various
wind products. The strongest intensity of the WPI is found
using CCMP winds, whereas the weakest is MERRA. We
further examine the near-inertial shear variance in ROMS
simulations. Our simulation results show a high value of
the shear variance along the northern Gulf of Mexico and
reveal a close correspondence between the shear vari-
ance and the wind power and the diurnal wind variability.
These results support the notion that stronger diurnal winds
lead to a stronger resonant response of NI motions that in
turn produce a stronger shear variance in the upper ocean.
Our approach is motivated by previous research (Simpson
et al. 2002; Zhang et al. 2009) finding that the near-inertial
motions within the northern Gulf are results of resonant
response to diurnal wind variations due to the strong LSB
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circulation in the region and demonstrated that NI waves
are considered an important contributing factor to vertical
mixing within the mixed layer.

Major conclusions from this part of the study are as fol-
lows: (1) Reanalysis winds consistently underestimate diur-
nal wind variability in the northern Gulf, particularly in the
western Florida Shelf. (2) Among all the reanalysis wind
products, the coarse resolution NCEP2 gives the best agree-
ment with observed buoy winds while the high-resolution
MERRA product has the worst agreement. (3) By using
near-inertial WPI to gauge near-inertial motions, we show
that in ROMS simulations high values of WPI are consist-
ently found in the northern Gulf coast, particularly near the
Mississippi-Atchafalaya River plume region—a result that
supports the dominance of near-inertial resonant response
to diurnal winds in the region. (4) There is a significant
sensitivity of near-inertial WPI in the northern Gulf region
to various wind products. The strongest intensity of the
WPI is obtained by using CCMP winds, while the weakest
is obtained by MERRA. (5) Uing ROMS simulations, we
further computed the near-inertial vertical shear-variance
to investigate the vertical mixing at the mixed-layer base
caused by near-inertial waves and its sensitivity to diurnal
wind forcing in the northern Gulf region. Previous studies
reason that near-inertial motions can enhance vertical mix-
ing, causing mixed layer to deepen. As such, near-inertial
waves are thought to be an important factor contributing
to vertical mixing within the mixed layer. Our simulation
results do show that the most of high values of the shear
variance are located on the northern Gulf of Mexico and the
stronger shear variance does correspond to wind products
that have stronger diurnal wind variability (e.g., CCMP).
These results are consistent with the spatial distribution of
the WPI, supporting the notion that stronger diurnal winds
lead to stronger resonant response of near-inertial motions
that in turn produce a stronger shear variance in the upper
ocean.

An important point that we want to discuss here is that
all the ROMS sensitivity experiments were conducted by
replacing entire wind forcing using various reanalysis prod-
ucts (Table 2b). Therefore, it is difficult to relate the simu-
lated MLD directly to diurnal winds and NIWs, because
the MLD is affected by not only diurnal winds and NIWs,
but also low-frequency winds. One way to isolate the effect
due to uncertainties in the diurnal winds is to conduct a
set of sensitivity experiments similar to the one described
here except that only the diurnal component of the winds is
altered. We suggest future studies should explore this aspect.
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