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ABSTRACT 

 

 The continental shelf in the Northern Gulf of Mexico is located along the critical latitude 

(30oN) where local Coriolis frequency is equal to diurnal frequency, and where existence of 

near-inertial resonance by land-sea breeze (LSB) circulation has been observed. The enhanced 

near-inertial waves (NIWs) have been argued to energize vertical mixing in the water column of 

the Northern Gulf. This study first attempts to investigate the impact of wind-driven near-inertial 

ocean response using both a simple slab ocean model and a high-resolution primitive-equation 

ocean model forced by different atmospheric wind products. The results show that the near-

inertial wind work during boreal summer is closely linked to the structure of land-sea breeze and 

varies significantly among different wind products, which further affect vertical mixing in the 

water column. In addition, since the diurnal winds in all of the reanalyzed wind products are 

weaker than the in situ buoy-observed winds, and there is a clear linear relationship between 

near-inertial wind strength and near-inertial wind power input, as well as near-inertial surface 

current kinetic energy, it suggests that NIW activity is likely to be underestimated in the 

Northern Gulf when these reanalysis winds are used as atmospheric forcing for an ocean model. 

The second part of this study proposes a new modeling approach to quantify the impact of 

near-inertial motions on vertical mixing in the Northern Gulf of Mexico during summer and 

winter season using a full three-dimensional primitive equation model. In this new approach, we 

introduce a novel filtering technique that simply changes the rotation direction of the clockwise 

rotating winds within the near-inertial band at every grid point. Since the clockwise rotating 

near-inertial winds are primarily responsible for near-inertial wave generation in the ocean, this 

filtering technique effectively suppresses near-inertial waves while keeping total wind variance 
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approximately intact. Comparing to the previous filtering methods that are based on temporal 

filtering of near-inertial winds, and thus are not variance preserving, the new technique isolates 

more effectively the impact of near-inertial waves on ocean mixing. 
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW 

 

1.1 Background 

1.1.1 Overview of Near-Inertial Internal Waves 

Near-inertial waves (hereafter NIWs) or internal gravity waves with frequencies close to 

local Coriolis frequency (Garret, 2001) are a dominant mode of high-frequency variability in the 

ocean. The frequencies of internal waves range from Coriolis frequency f to the buoyancy 

frequency N. When frequencies near f, the fluid motion is closed to horizontal with the dominant 

Coriolis force. In contrast, near N, the motions are approximately vertical with the dominant 

buoyancy frequency as the main restoring force. Since the Coriolis force is existed, they are seen 

as clockwise (e.g., anticyclonic) rotating in the Northern Hemisphere, and cyclonically in the 

Southern Hemisphere. Typical velocity of NIWs is 10-15 cm/s with extreme value of ~1 m/s in 

the wake of hurricanes. Owing to NIWs propagate slowly in horizon, their most active 

propagates the energies vertically, thereby it is believed to play an important role in oceanic 

mixing. According to Munk and Wunsch (1998), an estimated total energy flux of 2.1 TW is 

required to sustain abyssal stratification and meridional overturning circulation within the deep 

ocean, of which 0.9 TW is estimated from tides through generation and breaking of internal tides 

while the other 1.2 TW is estimated from surface winds through generation and propagation of 

NIWs.  

 There are a variety of mechanisms through which NIWs can be generated (D’Asaro 

1985; Alford 2003a). These include parametric subharmonic instability (PSI) at critical latitudes 

(Alford 2008; MacKinnon and Winters 2005; MacKinnon et al. 2013), lee-wave formation by 
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geostrophic flows over bottom topography (Nikurashin and Ferrari 2010a and 2010b), and 

spontaneous generation of unbalanced motions (Vanneste 2013; Alford et al. 2013; Nagai et al. 

2015). Among these, wind-forced NIWs generated primarily from tropical cyclones, fronts, and 

mid-latitude winter storms (Pollard, 1970; Pollard and Millard, 1970; Perkins, 1972; Watanabe 

and Hibiya, 2002; Alford, 2003) that exert stress on the sea surface in open oceans are 

considered as one of the most important energy sources for vertical mixing in the oceans. NIWs 

can not only influence ocean surface mixed layer, which in turn can affect sea-surface 

temperature (SST) and air-sea interaction, but also provide a significant energy source for 

abyssal diapycnal mixing, potentially affecting the uptake of heat and carbon, which is critical 

for understanding and projecting future climate change (Jochum et al., 2013).  

In addition, near-inertial kinetic energy in the ocean projects predominantly onto the 

lowest vertical modes (Gill, 1984) although high vertical modes with short wavelength (less than 

several hundred meters) make a more important contribution to near-inertial shear variance 

(Kunze et al., 1990a; Alford and Gregg 2001; Jing and Wu 2014). NIWs of high modes typically 

dissipate locally due to the strong vertical shear that generates elevated turbulence. In contrast, 

NIWs of low modes can travel a long distance from their source of generation (Alford 2003b). 

Interestingly, although Munk and Wunsch (1998) concluded that the total energy flux of 

1.2 TW from surface winds on NIWs, past studies estimated that the wind work on NIWs range 

from 0.3 TW to 1.4 TW (Alford 2001b, 2003b; Watanabe and Hibiya, 2002; Jiang et al., 2005). 

The uncertainty of this estimate may be due to selected ocean models, temporal/spatial 

resolutions and accuracy of the wind products (Jiang et al., 2005; Klein et al., 2004; Von Storch 

et al., 2007, 2012; Rimac et al., 2013). This uncertainty, which remains poorly understood, can 
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have a direct impact on computing vertical energy fluxes from the surface to the deep ocean, 

which can then potentially affect simulations of surface mixed layer and circulations below it.  

Furthermore, because inertial frequency is a latitude-depend function, NIWs can also be 

resonantly generated by diurnal wind variations around 30o latitude where the local inertial 

frequency approaches diurnal frequency (Craig, 1989a,b). For instance, Rimac et al. (2013) 

addressed that the maximum near-inertial surface current kinetic energy along coastal regions 

tends to occur near the critical latitudes of 30o. This is believed to be attributed to the strong 

land-sea breeze (LSB) near the coasts at these critical latitudes, which can resonantly excite 

NIWs (DiMarco et al., 2000, Simpson et al., 2002). 

 

1.1.2 Diurnal-Inertial Resonant NIWs within the Gulf of Mexico along the Coast 

As mentioned above, NIWs in the coastal regions nearby the critical latitudes can be 

significantly influenced by the resonant enhancement of wind stress of the diurnal cycle due to 

LSB. These diurnal wind forced NIWs are particularly evident in the coastal oceans during 

spring and summer (Hunter et al., 2007; Teague et al., 2013) because of the strong thermal 

contrast between land and ocean. This phenomenon has been observed and documented along 

the southern coast of Namibia (Simpson et al., 2002), Catalonian shelf (Rippeth et al., 2002), the 

DeSoto Canyon in the northern Gulf of Mexico (Jarosz et al., 2007), and northwestern Gulf of 

Mexico (Daddio et al., 1978; Chen et al., 1996; Chen and Xie, 1997; DiMarco et al., 2000, 

Lewis, 2001; Zhang et al., 2009; Zhang et al., 2010; Teague et al., 2013),   

The basin of Gulf of Mexico is approximately located between 18oN to 30oN and 98oW 

to 78oW.  In the northern Gulf of Mexico, Jarosz et al. (2007) observed that the amplitudes of the 

near-inertial currents can be as high as 40 cm/s, and the enhanced NIWs in boreal summer are 



 

 4 

most likely caused by the resonance between the LSB surface winds and near-inertial 

oscillations. The high coherence between the surface winds and surface currents in the near-

inertial band was also identified by the field observations during the program of the Texas-

Louisiana Shelf Circulation and Transport Processes Study (LATEX). Zhang et al. (2009) 

studied the near-inertial resonant oceanic response to LSB by wavelet analysis. The results 

confirmed that the peak of LSB circulation indeed occurs in summer and its region of influence 

can extend to at least 300 km offshore. The maximum resonant effect between the diurnal cycle 

and NIWs occurs in June when mixed layer is shallow and stratification is strong. A study by 

Teague et al. (2013) noted that when background currents are weak, NIWs tend to be enhanced 

by the phase-locked LSB during spring-summer and the speed of the near-inertial currents can be 

easily over 20 cm/s. 

 

1.2 Thesis Objectives 

The main objectives of this study are to further our understanding of NIWs in the Gulf of 

Mexico and their impact on SST and surface mixed layer. As discussed in Section 1.1.2, near-

inertial motions along the coastal regions close to the critical latitudes can be significantly 

influenced by the resonant enhancement of diurnal wind stresses.  

Due to difficulties of the observation acquisition, investigations on resonantly generated 

NIWs have been primarily made through numerical simulations, which may be object to large 

uncertainties caused by the selected wind forcing products. Uncertainties in assessing coastal 

LSB using atmospheric reanalysis products can be quite high because 1) spatial scales of LSB 

are small and cannot be fully resolved by reanalysis products and 2) diurnal SST variability can 
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be quite significant in certain coastal regions, which can have an important influence on LSB, 

but is not accounted for in almost all the reanalysis products.  

 

 

Figure 1.1. LSBs extension in selected wind products during the boreal summer 2010. Shown are 

CCMP (upper left), ERA-interim (upper right), MERRA (lower left), and NARR (lower right) 

wind products. The colors indicate the convergence/divergence of the diurnal surface winds, and 

the vector indicates the direction and the intensity of the surface winds.   

 

As an example, Figure 5 in Kawai and Wada (2007) shows a satellite estimated SST diurnal 

cycle from Kawai and Wada (2007). As can be seen, the amplitude of diurnal SST cycle in the 
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Gulf of Mexico approaches to 1oC during summer.  Such strong diurnal variation in SST is not 

taken into consideration in the existing reanalysis products. Figure 1.1 shows LSBs from four 

selected reanalysis wind products over the Gulf of Mexico. The LSB wind extension region is 

indicated by convergence/divergence of the diurnal harmonics of surface winds. For the selected 

wind products, the general patterns of LSB are similar among them; however, extension area and 

LSB amplitude are quite different, which will have an effect on the strength of the near-inertial 

winds. To illustrate this, Figure 1.3 shows the rotary power spectrum of a near-inertial oscillation 

in 10 m winds as a function of latitude along 90°W from 15°N to 55°N during summer 2010. It 

clearly shows that LSB strength vary significantly from product to product, although all the 

datasets show a dramatic enhancement of near-inertial oscillation energy near 30°N. This result 

highlights the importance of understanding of LSB uncertainties in various wind products. This 

brings us to our first research question: To what extent can uncertainty in observed diurnal 

wind variability over the northern Gulf lead to differences in the estimation of near-inertial 

wind work input to the ocean near-inertial motions, which in turn affect the simulation of 

NIWs in the Gulf of Mexico?  

The NIWs, which are excited by the atmospheric surface forcing, have been shown to be a 

source of momentum and heat exchange within the uppermost ocean, affecting the development 

of the surface mixed layer (ML). A recent study by Furuichi et al. (2008) estimates that about 

75%-85% of wind-induced near-inertial energy is dissipated within the upper 150 m of the ocean. 

Kilbourne and Girton (2015) also demonstrated that increasing the near-inertial wind power 

input will increase the thickness of the ML. The change of ML can then alter the SST that is the 

most critical variable affecting air-sea interaction. Accurate SST simulations are essential for 

climate research and prediction. For example, in the context of climate prediction, it is well 
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established that a skillful prediction of SST variability is vital for predicting anomalous weather 

patterns associated with the El Nino-Southern Oscillation on seasonal-to-interannual time scales 

and with the Madden-Julian Oscillation (MJO) on intra-seasonal time scales (Slingo et al., 2003; 

Dai and Trenberth, 2004).  

 

 

Figure 1.2. Near-inertial oscillation (counter-clockwise, red; clockwise, blue) power spectrum 

calculated using 10m surface winds from CCMP (upper left), ERA-interim (upper right), 

MERRA (lower left) and NARR (lower right), as a function of latitude along 90oW from 15oN to 

55oN during summer 2010. 
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In coastal regions, Kawai et al. (2006) utilized AVHRR satellite and buoy data to validate 

numerical model simulations of LSBs and found that LSBs were generally weaker in diurnally 

varying SST simulations than in daily mean SST simulations. Tang (2012) noted that the 

diurnally varying SST plays a significant role in the formation of fog and LSB, thereby using 

diurnally resolved SST in numerical models could improve short-term forecasts. 

Thus, we will further investigate the impact of resonantly generated NIWs on SST and 

surface mixed layer in the northern Gulf of Mexico by conducting sensitivity experiments using 

a high-resolution full three-dimensional primitive equation ocean model, where diurnally varying 

winds will be altered. This type of sensitivity experiments has been performed to evaluate the 

impact of NIWs. However, the methods used to filtering diurnally varying winds are either crude 

or inaccurate, or in idealized settings. For example, a number of studies employed a low-pass 

filtering approach in which winds with frequencies high diurnal frequency are simply removed 

(Jochum et al., 2013; Rimac et al., 2013; Jing and Chang, 2016).  However, such an approach not 

only eliminates the NIWs but also suppresses the super-inertial winds, so that the total wind 

variance is reduced. This can reduce wind-stirring effect on surface mixed layer. Moreover, this 

approach alters surface heat fluxes and wind stresses that are computed through aerodynamic 

bulk formulations in most ocean model simulations. On the other hand, Skyllingstad et al. (2000) 

forced an ocean large-eddy simulation (LES) model with and without an idealized resonant wind 

to quantify the main processes by which near-inertial currents are resonantly generated by the 

winds, affecting upper ocean mixing. Although their results showed clearly that resonant wind 

forcing produces much stronger surface currents and vertical mixing in comparison to the off-

resonance wind forcing, applicability of their findings to realistic ocean setting remains to be 

demonstrated. This leads us to our second research question: Can we improve the method of 
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filtering diurnally varying winds in numerical model sensitivity experiments so that the 

assessment of NIWs’ impacts on SST and surface mixed layer can be more accurately 

assessed? 

 

1.3 Outline of this Dissertation 

This dissertation consists of four chapters. In Chapter II, the first research question is 

addressed by evaluating discrepancies of near-inertial wind work input to the ocean near-inertial 

motions in the Gulf of Mexico by comparing various wind forcing products. Two sets of 

numerical experiments will be conducted, in one of which a simple slab ocean model will be 

used and the other of which a high-resolution primitive equation ocean model will be used. The 

second research question is addressed in Chapter III, by conducting both idealized and realistic 

high-resolution primitive equation ocean model simulations using an improved approach to filter 

the effect of diurnally varying winds on NIWs in the Gulf of Mexico. Chapter IV presents a 

summary of the most important findings from the study and a discussion on the remaining issues 

for future research on this topic.  
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CHAPTER II  

IMPACT OF UNCERTAINTIES IN THE DIURNAL WINDS ON SIMULATED NEAR-

INERTIAL WAVES 

 

2.1 Introduction 

Near-inertial waves excited by wind stresses at the ocean surface have long been known as 

an important source of ocean kinetic energy (Munk, 1981), potentially elevating mixing levels in 

the upper water column. For example, recent numerical studies (Furuichi et al., 2008; Zhai et al., 

2009) suggest that 75-85% of the wind energy input to near-inertial motions is dissipated within 

the upper ocean (~200 m) due to the enhanced vertical shear at the bottom of the mixed layer, 

consequently deepening mixed layer and reducing sea surface temperature. Furthermore, Jochum 

et al. (2013) suggest that these processes may influence climate through air-sea heat fluxes and 

atmospheric teleconnections.  

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 2003; Jiang et al., 2005; Rimac 

et al. 2013). The large uncertainty in the estimates is mostly due to the uncertainty in observed 

winds that are responsible for generating near-inertial motions. It is found that the near-inertial 

wind power tends to be larger as spatial and temporal resolutions of wind products increase (e 

e.g., Klein et al. 2004; Jiang et al. 2005; von Storch et al. 2007 and 2012).  For instance, Rimac 

et al. (2013) calculated the near inertial wind power using a global eddy-resolving ocean general 

circulation model forced by National Centers for Environmental Prediction (NCEP) Climate 

Forecast System Reanalysis (NCEP CFSR) (Saha et al., 2010; Saha et al., 2006) wind stresses 

subsampled at different resolutions, and reported that the near-inertial wind power increases 
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from 0.3 TW for low-resolution (6-hourly, 1.875o) wind stresses to 1.1 TW for high-resolution 

(1-hourly, 0.35o) wind stresses. 

Globally, most of the near-inertial power occurs during the passage of atmospheric fronts, 

winter storms, and hurricanes. However, at the critical latitude (30o), the near-inertial motions 

can be also resonantly generated by the atmospheric diurnal motions due to the coincidence 

between the inertial frequency and diurnal frequency (Craig, 1989a,b). This resonance oscillation 

has been suggested to play a dominant role in generating near-inertial motions in the Northern 

Gulf of Mexico whose location is close to the critical latitude and where diurnal wind variation is 

strong in the summer due to the presence of land-sea breeze (LSB) circulation (Simpson et al., 

2002; Zhang et al., 2009). A study by Teague et al. (2013) pointed out that when background 

currents are weak, inertial currents are enhanced during summer by phase-locked with LSB and 

can easily be over 20 cm-s-1. Zhang et al. (2009) studied the near-inertial resonant ocean 

feedback by wavelet analysis. Results indicated that the LSB circulation is strongest in summer 

and the influential region can extend to at least 300 km offshore, contributing to strong near-

inertial motions in the Northern Gulf of Mexico.  

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 Data set) 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, uncertainties of these wind products in representing the LSB and their 

subsequent influences on simulated oceanic near-inertial motions have not been systematically 

evaluated. Given the important role of near-inertial motions in maintaining upper ocean mixing, 

understanding their dynamics is essential for improving model representation of sea surface 
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temperature, nutrient supply to the euphotic zone, and pollutant dispersion.  In this chapter, we 

attempt to first examine the accuracy of diurnal cycle of the winds in several widely used wind 

products by validating them against the available buoy winds in the Gulf of Mexico. We will 

then examine the impact of the diurnal winds on simulation of near-inertial motions using a 

simple slab ocean model and a primitive equation regional ocean model.  

We will begin with a description of the data and methodology in section 2.2, then a 

systematic assessment for various wind products in section 2.3, and finally conclusions and 

discussions of this study in section 2.4. 

 

2.2 Data and Methodology 

2.2.1 Atmospheric Wind Products 

Several widely used reanalysis wind products are examined in this study, including the 

Cross-Calibrated Multi-Platform ocean surface wind dataset (CCMP, 6-h interval with a 

horizontal resolution of 0.25o x 0.25o, Atlas et al., 2011), European Centre for Medium-Range 

Weather Forecasts (ECMWF) Re-Analysis (ERA) Interim (ERAi, 6-h interval with a horizontal 

resolution of 0.75o x 0.75o, Dee et al., 2011), Modern Era Retrospective analysis for Research 

and Application reanalysis (MERRA, 1-h interval with a horizontal resolution of 0.667o x 0.5o, 

Rienecker et al. 2011), NCEP Atmospheric Model Intercomparison Project Reanalysis (NCEP2, 

6-h interval with a horizontal resolution of 1.875o x 1.875o, Kanamitsu et al., 2002), NCEP North 

American Regional Reanalysis (NARR, 3-h interval with a horizontal resolution of 32 km x 32 

km, Mesinger et al., 2005), and North American Mesoscale System (NAM, 3-h interval with a 

horizontal resolution of 12 km x 12 km, https://www.ncdc.noaa.gov/data-access/model-

data/model-datasets/north-american-mesoscale-forecast-system-nam). All these gridded wind 
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products are based on atmospheric reanalysis except NAM, which is a forecast product. It should 

be noted that the temporal resolution differs among these different wind products. Therefore, any 

differences in simulated near-inertial oscillations using various wind products may 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 near-inertial oscillations has been well 

understood (Klein et al. 2004; Rimac et al. 2013).  As examples, Klein et al. (2004) pointed out 

the significance by changing from 3-h to 6-h temporal resolution on wind stress showing a 20% 

decrease in the NIWs energy integrated over the water column. D’Asaro (1985) and Niwa and 

Hibiya (1999) addressed the temporal resolution on wind stress may lead to systematic errors.  

Rimac et al. (2013) also pointed out that a 40% decrease in kinetic energy generated by changing 

the temporal resolution from hourly to 4-h. 

Therefore, we will not focus on this effect here. To eliminate the sampling frequency 

difference, we resample all the wind products onto the same 6-h temporal grid, so that the 

temporal resolution for all the wind products is identical. 

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 minutes) at different stations. To facilitate 

comparisons with the reanalysis winds, the observed winds were all converted to the standard 

height of 10 m above the sea surface based on the neutral wind conversion by Large and Pond 

(1981) and then resampled onto the same 6-h time temporal grid.  
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2.2.2 Climatological Mixed Layer Depth 

Estimates of wind power into the ocean involve the knowledge of surface mixed layer depth 

(MLD) under the wind forcing.  Here, we follow previous studies (Alford, 2001; Watanabe and 

Hibiya, 2002) use the monthly mean climatological MLD obtained from the National Oceanic 

and Atmospheric Administration (NOAA) Ocean Climate Laboratory 

(https://www.nodc.noaa.gov/OC5/WOA94/mix.html). The MLD fields, are computed from 

climatological monthly mean profile of potential density, which is defined based on a 0.125 kg 

m-3 potential density difference from its surface value at the base of the MLD, are averaged into 

1o by 1o grid boxes. The details can be found on the report by Monterey and Levitus (1997). 

 

2.2.3 Slab Ocean Model Analysis 

In the climate modeling community, the slab ocean model terminology is used to refer to a 

simple thermodynamic mixed layer model with no motion. Here the slab ocean model describes 

a simple dynamical mixed layer model of a constant depth with linear Ekman dynamics. 

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 uniform within 

the surface mixed layer, 3) wind stresses vanish 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:  
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!"
!"
+ 𝑟 + 𝑖𝑓 𝑍 = !

!
                                           Eq. 1 

 

where 𝑍 = 𝑢 + 𝑖𝑣  is the mixed layer currents; 𝑇 = 𝜌!! 𝜏! + 𝑖𝜏!  indicates the 10 m wind 

stress; 𝜌 is the air density; 𝜏! , 𝜏! indicate the wind stress on x, y directions; H is the mixed-layer 

depth (MLD); f is the local inertial frequency; r is a tunable damping coefficient representing the 

radiational decay by downward propagation of near-inertial waves, and can be written as  

 

𝑟 𝜎 =  𝑟! 1− 𝑒
! !!

!!!!                                      Eq. 2 

 

𝑤ℎ𝑒𝑟𝑒 𝑟! = 0.15𝑓,𝜎 𝑖𝑠 𝑡ℎ𝑒 𝑟𝑜𝑡𝑎𝑟𝑦 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑎𝑛𝑑 𝜎! ≡ 𝑓/2 (Alford, 2003). The wind stress 

is estimated based on Donelan et al. (2010). The MLD is fixed at the climatological summer 

value for simplicity as previous studies (Alford, 2001) suggest that using a time-varying MLD 

does not significantly affect the simulated near-inertial current. Based on Alford (2003a), the 

spectral domain response function, 𝑅 ≡ ! !
! !

, can be written as  

 

𝑅 𝜎 = !
!

!!! !!!
!!! !!! !                                            Eq. 3 

 

As r << f, the response function is strongly peaked around 𝜎 = −𝑓, corresponding to a resonance 

between the near-inertial current and near-inertial wind forcing. The near-inertial wind power 

input (WPI) and the near-inertial surface current kinetic energy (KE) then can be computed as 
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𝑊𝑃𝐼! = 𝑅𝑒 𝑍 ∙ 𝑇∗ = !
!

!
!!! !!! ! |𝑇|!              Eq.4 

 

𝑘𝑒! =
!
!
𝑅𝑒 𝑍 ∙ 𝑍∗ = !

!!
!!! !!! !

(!!! !!! !)!   
|𝑇|!        Eq.5 

 

Since both these quantities are strongly peaked at 𝜎 = −𝑓 (anticyclonic), it indicates that the 

near-inertial wind power and near-inertial surface kinetic energy are linearly proportional to the 

clockwise (CW) rotating near-inertial wind stress variance.  

 

2.2.4 ROMS Ocean Model 

Although the slab ocean model provides a simple way to simulate wind-generated near-

inertial oscillations, it is subject to large uncertainties due to the neglect of vertical mixing 

induced by near-inertial oscillations, nonlinear interactions of near-inertial oscillations with 

background flows and other many other dynamical processes.  For this reason, the Regional 

Ocean Modeling System (ROMS) is used to simulate near-inertial oscillations under realistic 

oceanic settings. ROMS is developed jointly by the Rutgers University and UCLA, and is a free-

surface, terrain-following, primitive-equation model based on hydrostatic and Boussinesq 

approximations (Shchepetkin and McWilliams 2005). It is designed to explicitly simulate 

regional oceanic circulations with high-horizontal resolutions. In this study, physics 

parameterizations adopted in the ROMS include a KPP (K-profile parameterization, Large et al. 

1994) vertical turbulent mixing closure scheme, a bi-harmonic horizontal Smagorinsky mixing 

for momentum, and a Laplacian horizontal mixing for tracer diffusion. 

In order to realistically simulate the Gulf of Mexico, the model domain covers the entire Gulf 

of Mexico (98o-77oW and 18o-33oN), with a 3 km horizontal resolution. The vertical grid has 60 
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levels, and at least 20 levels in the upper 100 m for the area that bathymetry is less than 1000m. 

Simulations forced by various wind products were carried for one summer season because the 

strongest LSB is occurred during summer (Zhang et al., 2009). Here we had chosen the year 

2010 for the numerical experiments in order to compare with the observation. The initial and 

boundary conditions were derived from the 6h output of the Hybrid Coordinate Ocean Model 

(HYCOM) Gulf of Mexico reanalysis (HYCOM expt_50.1, https://hycom.org/dataserver/Gulf of 

Mexico-reanalysis). To evaluate the impact of the uncertainty in the diurnal cycle of reanalyzed 

winds on the simulation of near-inertial waves, we conducted a set of ROMS sensitivity 

experiments. First, a control experiment was conducted by forcing the ROMS with surface 

momentum and heat fluxes derived from the ERA-interim reanalysis data. Then, a set of ROMS 

runs were conducted by replacing the ERA-interim surface winds with the winds from other 

reanalysis products, while keeping other surface variables intact as in the control experiment. In 

all the experiments, sea surface salinity is restored to its climatological value (CARS2009, 

Ridgway et al., 2002; Dunn and Ridgway, 2002; Scott and Dunn, 2006) to account for the river 

discharge effect that is not included in the ROMS simulations. Model outputs were archived at 

every 3 hours for advanced analysis. 

         Following pervious studies, the near-inertial band is defined between 0.8f and 1.2f. A slight 

modification of the lower and upper bounds does not have any significant impact on the major 

conclusions in this study. 

 

2.3 Representation of LSB in Various Wind Products 

As mentioned before, the diurnal variation of winds, arisen from the LSB, is a dominant 

phenomenon in the Northern Gulf of Mexico during summer because of the strong thermal 
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contrast between land and sea. These LSB-induced winds tend to rotate clockwise (anticyclonic 

direction) during the course of the day by the effect of Coriolis force (Haurnitz 1947, Abatan et 

al., 2014), which in turn can resonantly excite the near-inertial waves in the Gulf. 

Figure 2.1 shows the domain averaged rotary spectrum of winds in the northern Gulf of 

Mexico (26oN to 30oN) derived from various wind products. The rotary spectrum analysis 

decomposes wind spectra into clockwise and counter-clockwise component. From Figure 2.1, it 

is evident that the clockwise component exhibits a much more pronounced peak near -1 cpd 

(cycle per day) (referred to as CW henceforth) 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 cpd (cycle per day) to 1cpd between 26oN to 30oN 26oN to 30oN, 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 m2s-

1, which is more than 1.5 times the value of MERRA and ERAi. In contrast, NARR produces the 

largest amplitude for the CCW peak, whereas the smallest amplitude is given by MERRA. 

Therefore, different wind products 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 2009-2011 A Butterworth band-pass (0.8-1.2 cpd) filter 

is first applied to the wind data at each station to extract the wind signal within the diurnal band. 

Then this band pass filtered wind is subject to a harmonic analysis to estimate the phase and 

amplitude of both zonal and meridional wind components. The size of the wind ellipse measures 



 

 19 

the amplitude of LSB while the shape of ellipse reflects the polarization of LSB. For example, if 

the eccentricity of the ellipse is close to zero (i.e., a circular shape), it means that the wind vector 

of LSB rotates like a circle with time. In contract, if the eccentricity is closed to unity, it means 

the wind of LSB blows back and forth along 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 

insignificant u-wind component. The solid red triangle represents the synoptic snapshot of 

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

diurnal winds.  

Figure 2.2 displays the wind ellipses computed from the various wind products and the buoy 

observations for summer 2010. The magnitude of the diurnal winds that located on the Texas-

Louisiana Shelf from the reanalysis products is generally similar to the buoy results. The largest 

difference in diurnal wind amplitudes between reanalysis products and buoy observations occurs 

in the northeastern coastal region of the Gulf of Mexico, where the intensity of the diurnal winds 

from all analysis products is severely underestimated compared to that of buoy observations. 

Although the exact reason behind these discrepancies is unknown, one possible reason may be 

related to the relative low horizontal resolutions of the wind products (Kara et al., 2008). 

Because wind speeds are uniformly gridded, the coarse spatial grids near the land-sea boundaries 

may have difficulties to properly distinguish the values between ocean and land. This is so-called 

“land-contaminated” ocean-only winds or “ocean-contaminated” land-only winds, and typically 

depends on the extent of the land-sea mask.  

To further quantify the difference between the observed and reanalyzed winds, we introduce 

three root-mean-square errors (RMSE), defined as: 
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𝑅𝑀𝑆𝐸!"  =
!!"#$!"!!!"#$!"

!!
!!!

!
                                  Eq. 6 

 

𝑅𝑀𝑆𝐸!!" =
!!"#$!!"!!!"#$!!"

!!
!!!

!
                               Eq. 7 

 

𝑅𝑀𝑆𝐸! =
!!"#$!!!"#$

!!
!!!

!
                                             Eq. 8 

 

where n is the number of the buoy stations, subscript CW and CCW are the CW and CCW 

rotating wind variance in the diurnal band, and R is the ratio of CW to CCW. The subscript buoy 

and wind denote the values computed from the buoy and wind products, respectively. Eq. 6 and 

7 compute the Root-Mean-Square-Error (RMSE) of the CW and CCW rotating diurnal wind 

amplitude, respectively, for each of the reanalysis wind products. Eq. 8 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 reanalyzed wind products. It should be 

noted that it is the Eq. 6 that is most relevant to the near-inertial wind power and the wind-

induced near-inertial kinetic energy in the ocean as only the CW rotating near-inertial wind can 

resonate with near-inertial waves (NIWs). The results from Eq. 6 to Eq. 8 are summarized in 

Table 2.1. The colors in the Table represent the largest (red) and smallest (green) RMSE values. 

Overall, NCEP2 seems to have the smallest RMSE values while MERRA seems to have the 

largest RMSE values. As an example, the amplitude of buoy clockwise component is on average 

is three times larger than that in the NCEP2, and five times larger than that in the MERRA. 
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2.4 Impact of Different Wind Products on Modeling NIWs 

The above analysis reveals pronounced differences in the representation of LSB by different 

reanalysis products. In this subsection, we assess how these differences may affect our ability to 

accurately simulate near-inertial oscillations in the Gulf. We first analyze this simulation 

uncertainty using the slab ocean model described in section 2.2.3 forced by different wind 

products. We then further examine the uncertainty in simulating NIWs using a set of realistic 

ROMS simulations forced by various wind products in section 2.2.4. 

 

2.4.1 NIWs in the Slab Ocean Model 

As a reminder, near-inertial WPI, the analytical expression was showed in the section 2.2.3, 

is derived by taking a dot product of the near-inertial wind stress vector and near-inertial surface 

current velocity vector. It represents an energy transfer mechanism of oceanic NIWs as the net 

energy sink under conditions of near-inertial wind stress forcing. Figure 2.3 shows the spatial 

distribution of the 2010 summer-mean near-inertial WPI produced by forcing the slab ocean 

model with wind stresses from various wind products. Similarities of patterns of the WPI among 

various wind products are evident. Based on the resonance of diurnal winds, it is undoubted that 

in all cases high values of WPI are concentrated along the northern coast of the Gulf of Mexico 

(26oN and above), and spread mostly over the continental shelf with maximum located on the 

Mississippi-Atchafalaya river plume region, which is located approximately between 27o-30oN 

and 93o-88oW. The similarities are quantified using pattern correlation (Table 2.2) in reference to 

ERAi. ERAi and NARR have the highest correlation coefficient, while the lowest correlation is 

between ERAi and NAM, which still retain a value of 0.89.  
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Although the spatial patterns of wind power derived from various wind products are similar, 

their magnitudes differ significantly. This is because that the uncertainties of the diurnal winds 

exist in various wind products. The large WPI with values of up to 4.5x10-2 Wm-2 is found in the 

CCMP with an integrated WPI value of 5.0x103 TW over the northern Gulf of Mexico. The WPI 

in MERRA is significantly weaker and only around 0.8x10-2 Wm-2 with an integrated value of 

1.8x103 TW, which is 2.8 times weaker than that of the CCMP. In many of the reanalysis 

products, including CCMP, NCEP2, and NAM, large values of WPI are seen to reach around 

300 km offshore, while in other wind products, such as MERRA, high WPI values are confined 

within narrow coastal zone.  In all the wind products, a weaker secondary center of high WPI 

appears to the east of the Cancun, Mexico (Quintana Roo Shelf). NAM gives the highest WPI 

value of up to 1.3 x 10-2 Wm-2 in this region, while MERRA gives the lowest value.  

The above analysis has demonstrated major differences in near-inertial wind variances and 

near-inertial WPI among different wind products. Since the slab ocean model has linear 

dynamics, one expects a direct relation between near-inertial wind stress variance and near-

inertial WPI. Figure 2.5a presents a scatter plot of near-inertial wind variance and simulated 

near-inertial WPI among various wind products using the slab ocean model averaged over the 

northern Gulf of Mexico. All the values are normalized by the value produced by MERRA winds 

(i.e. divided by MERRA) for visualization because it has smallest value. As expected, there is a 

strong linear relationship between these two quantities with a positive correlation of 0.97, clearly 

indicating that the near-inertial WPI estimated by the simple slab ocean model is mainly 

determined by the near-inertial wind stress variance.  

Figure 2.4 displays the corresponding spatial distribution of the summer-mean near-inertial 

surface KE produced by the slab ocean model with various wind products. The KE shown here is 
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computed using the bandpass filtered surface current velocity within the near-.inertial frequency 

band.  High values of near-inertial KE are again concentrated along the northern coast of the 

Gulf of Mexico and the Shelf that is eastern side of the Quintana Roo, Mexico, which matches 

well with the distribution of WPI (fig. 2.3). As in WPI, all KE spatial patterns share similar 

structure with high pattern correlation values (table 2.2). Moreover, there is a linear relationship 

(figure 2.5b) between averaged near-inertial wind speeds and near-inertial KE over the northern 

Gulf of Mexico among all the wind products, indicating that the near-inertial KE is highly 

sensitive to the diurnal wind forcing strength based on the slab ocean model.  

In summary, the linear result using the slab ocean model implies that uncertainty in simulated 

diurnal winds can have a significant impact on the near-inertial WPI and near-inertial KE in the 

northern Gulf of Mexico during boreal summer. The near-inertial WPI and near-inertial KE are 

linearly related to the diurnal wind speed. However, whether this result holds in a more realistic 

oceanic setting remains to be tested.  In the next subsection, we attempt to address this issue 

using a full primitive equation model ROMS (Section 2.2.4), which relaxes many assumptions in 

the linear slab ocean model. 

 

2.4.2 NIWs in the Realistic Numerical Experiments 

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 similar analysis tools developed 

in the previous section but within the framework of a realistic ocean model – ROMS (Section 

2.2.4).  Figure 2.7 shows the spatial distribution of the summer-mean near-inertial WPI 

simulated by ROMS forced by wind stresses from various wind products in 2010. As shown in 

Figure 2.7, CCMP produced the strongest WPI with maximum value reaching 2.0x10-3 Wm-2 
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near the Mississippi-Atchafalaya river plume region between 26oN-30oN and 92oW-88oW. Some 

high values of WPI are also found the northeastern Gulf of Mexico just offshore of St. Joseph 

Bay (around -84oW) 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%. NAM 

generated the highest WPI values of up to 1.5 x 10-3 Wm-2 in western Gulf between 27oN-30oN 

and 89oW-85oW, while NCEP2 puts high WPI values over the entire Texas-Louisiana Shelf.   

Figure 2.8 shows the corresponding summer-mean surface near-inertial KE distributions 

simulated by ROMS. They clearly share similar spatial structures with high values of KE mainly 

along the Florida shelf and the Mississippi-Atchafalaya River plume region, and some high KE 

is also seen extending into the western Gulf. Evidently, the distribution of near-inertial KE is 

different from that of WPI in ROMS simulations. This is because the near-inertial KE is 

influenced by not only the local WPI but also the MLD. For a given WPI, near-inertial KE 

generated at that location is greater (smaller) for a shallower (deeper) MLD (eq. 1). Therefore, 

large near-inertial KE mostly tends to occur in regions of shallower MLD.   

A comparison between Figure 2.3 and Figure 2.7 reveals some broad similarities between 

ROMS and slab model simulated WPIs. For example, in both model simulations, high values of 

WPI are found mainly in the northern Gulf. There is also a good correspondence between the 

locations of maximum WPI in the two models. These suggest that the linear slab ocean model 

gives a reasonably good first order estimate of near-inertial WPI in the northern Gulf during 

summer. However, the WPIs simulated by ROMS show much richer structures than those by the 

slab model. In the western Gulf, ROMS produced larger regions with high WPI, which are 

absence in the slab ocean simulations, pointing to the importance of nonlinear dynamics in the 

region.  
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The similarity in the near-inertial KE between the two models is less than that in WPI (figure 

2.8 and figure 2.4), although in both model simulations the highest KE does reside in the 

northern Gulf, consistent with strong resonant response of near-inertial waves to diurnal wind 

forcing. In ROMS simulations (Figure 2.8), high near-inertial KE is seen to spread both eastward 

and westward, whereas in slab model simulations (Figure 2.4) high KE values are more confined 

near the Mississippi-Atchafalaya River plumb region. Furthermore, in the northern Gulf region 

the KE value simulated by the slab model is considerably higher than that by ROMS. We will 

explain this in the following paragraph.   

The relationship between simulated near-inertial WPI and near-inertial wind variance and 

between simulated near-inertial KE and near-inertial wind variance averaged over the northern 

Gulf is shown in Figure 2.5 for the slab ocean model and figure 2.6 for ROMS, respectively. In 

both model simulations, we observe a nearly linear relationship between near-inertial wind 

variance in different wind products and simulated WPI/KE. The averaged WPI is increased by 

nearly a factor of two in ROMS from MERRA to CCMP and by more than 2.6 times the slab 

ocean model, respectively.  In comparison, the sensitivity in the averaged KE is less, increased 

by about 20% in ROMS and by about 50% in the slab ocean model from MERRA to CCMP, 

respectively. Therefore, not only near-inertial WPI and KE are much lower in realistic 

simulations by ROMS, but also the sensitivity of near-inertial WPI and KE to wind forcing 

changes in various wind products is lower than that of slab model simulations.  

There are number of reasons for these differences between ROMS and slab ocean model. For 

instance, as mentioned previously, the ROMS simulated MLD by CCMP winds (figure 2.7, 

contour in CCMP) is systematically deeper than the climatological mean MLD obtained from 

observations (figure 2.3, contour in CCMP). The difference between the two is about an order of 
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magnitude in the northern Gulf of Mexico. Reminder, as shown by the slab ocean model 

solution, the near-inertial wind power is inversely proportional to the MLD so that a shallower 

MLD leads to a larger near-inertial power under the same forcing. The large discrepancy 

between the simulated and observed MLD is most likely attributed to the deficiencies in mixed 

layer dynamics in ROMS. It may also result from inter-annual variability of MLD because 

ROMS simulations were conducted in the summer of 2010, not forced by climatological winds. 

In addition, the computation and accuracy of climatological MLD fields are limited by numbers 

of individual observations for each month and 1o box. This limitation could also have potential 

impact.   

 Second, as described by eq. 1, the slab ocean model neglects lateral advection and the 

associated influence by background flows on near-inertial oscillations, as well as vertical mixing 

that can transfer wind-generated near-inertial energy into ocean interior, whereas these processes 

are included in ROMS. For example, anticyclonic eddies, such as Loop Current Eddies that shed 

from the Loop Current, can modify local Coriolis frequency 𝑓 and generate an effective Coriolis 

frequency (𝑓! = 𝑓 + !
!
𝜁), which can help trapping near-inertial wave energy (Kunze, 1985). In 

our realistic simulations, Loop Current penetrates into the northern Gulf of Mexico near the 

continental shelf and then shed the Loop Current eddy moving to the western part of Gulf. 

Therefore, influence of anticyclonic eddies on near-inertial waves in ROMS may potentially 

modify the distribution of near-inertial KE in the slab ocean model.  

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 vertical mixing at the mixed layer base.  To examine how different wind products 
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may affect mixing processes within the mixed layer, we integrated the near-inertial shear 

variance from surface to 50 m (𝑆! = 𝜕𝑢/𝜕𝑧 ! + 𝜕𝑣/𝜕𝑧 !𝑑𝑧 !
!" ! ) in each of the ROMS 

experiments. The 50 m-depth chosen is because the summer MLD is typically shallower than 50 

m. The results are shown in Figure 2.9.  Strong similarities among the experiments are clearly 

observed and there is a general agreement between shear variance shown in Figure 2.9 and KE 

shown in Figure 2.8. High values of vertically integrated near-inertial shear variance up to 1.0x 

10-2 ms-2 are found along the northern Gulf of Mexico near the Mississippi-Atchafalaya River 

plume region where high WPI and KE are also found. Consistent with WPI and KE, the weakest 

shear variance is found in the MERRA simulation, which has the weakest diurnal wind forcing.  

A major difference between the spatial patterns of the shear variance (Figure 2.9) and KE (Figure 

2.8) is that the shear variance is more confined to the northern Gulf while KE tends to spread 

further south along the western Gulf.  The cause of this difference is not clear and more in-depth 

analyses and process-originated experiments are required to understand this difference. Finally, 

typical orders of shear variance within mixed layer in our numerical experiment during summer 

are between 10-4 to 10-6 s-2. The maximum shear variance value along the northern Gulf of 

Mexico near the Mississippi-Atchafalaya River plume region in the ROMS experiments reaches 

2x10-4 s-2, based on Figure 2.9. It suggests that the existence of NIWs may contribute to the 

deepening of the bottom depth of mixed layer in that region.  

 

2.5 Summary and Discussion 

In this part of the study, we show that there are significant uncertainties in reanalysis wind 

products in representing diurnal wind variation along the northern Gulf coast where LSB 

circulation dominates during summer. By validating simulated winds to in situ buoy observations, 
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we are able to identify biases in the reanalysis winds. One of the major biases is that all the 

reanalyzed winds systematically 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; Liu et al., 2012). The cause of this 

bias in reanalysis winds is not clear. 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 conducting two sets of ocean model simulations: one is based on a simple slab 

ocean model and the other is based on a realistic 3D primitive equation ocean model – ROMS. 

Using these simulations, we explore relationships between near-inertial WPI, near-inertial KE 

and diurnal wind variability in different wind products, respectively. We further examine the 

near-inertial shear variance in ROMS simulations. Our approach is motivated by previous 

research finding that the near-inertial motions within the northern Gulf are results of resonant 

response to diurnal wind variations due to the strong LSB circulation in the region. 

Major conclusions from this part of the study are as follows: 

1) Reanalysis winds consistently underestimate diurnal 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 

agreement with observed buoy winds while the high resolution MERRA product has 

the worst agreement.  

3) By using near-inertial WPI and KE to gauge near-inertial motions, we show that in 

both slab model and ROMS simulations high values of WPI and KE are consistently 
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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. There is a close to linear 

relationship between simulated WPI and strength of diurnal wind speed in both the 

slab model and ROMS simulations, again supporting the near-inertial resonant 

response in the northern Gulf.  

5) Similar results are obtained for near-inertial KE, except that the sensitivity of KE to 

diurnal wind difference is lower than that of WPI.   

6) Comparing simulated WPI and KE between the slab model and ROMS, the magnitude 

of WPI and KE in the slab model is nearly one order higher than those in ROMS 

simulations. This overestimation is consistent with pervious studies (Plueddemann and 

Farrar,2006; Guanetal., 2014) and is likely attributable to a number of factors, 

including i) deeper MLD in ROMS than in the slab model, ii) omission of the 

dissipation of near-inertial kinetic energy due to the shear instability in the slab model 

and iii) absence of nonlinear advection processes in the slab model. 

Using realistic 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 mixing, causing mixed layer to deepen. As such, 

near-inertial waves are thought to be an important factor contributing to vertical mixing within 
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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 and KE, supporting the notion that stronger 

diurnal winds lead to stronger resonant response of near-inertial motions that in turn produce 

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 products. Therefore, it 

is difficult to relate the simulated 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 are altered. 

We suggest future studies should explore this aspect. 
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Figure 2.1: Domain averaged rotary spectrum of surface winds among various wind products 

(colors) in the northern Gulf of Mexico (26
o
N-30

o
N) respecting by Coriolis frequency (upper 

left) and by diurnal frequency (upper right). The boxes on the upper left panel show the 

frequency limitation between from 0.8f to 1.2f for the counter-clockwise rotation surface winds 

(lower right) and between from -1.2f to -0.8f for the clockwise rotation surface winds (lower 

left).  
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Figure 2.2: 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 derived by data on the duration of May-15 2010 – Sept-15 2010. For each 

panel, the vectors show the wind direction of land-sea breeze at 1900 local time, and the size of 

the ellipse shows its strength.
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Figure 2.3 Spatial distribution of near-inertial WPI (colors), derived from slab ocean model. The 

contour in CCMP indicates the climatological MLD (m). 
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Figure 2.4 Similar with figure 2.3, but for Spatial distribution of near-inertial KE(colors). 
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Figure 2.5 Domain average scatter plots with linear regression between near-inertial wind 

variance and near-inertial WPI (left), as well as near-inertial KE (right) among various wind 

products by slab ocean model over the northern Gulf of Mexico. 

 

 

 

 Figure 2.6 Similar with figure 2.5, but for ROMS simulation. 
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SLAB CCMP ERAi NAM NARR MERRA NCEP2 

Total Near-
Inertial Wind 
Power Input 

(TW) 

5.00E-03 2.90E-03 4.30E-03 2.80E-03 1.90E-03 4.30E-03 

Pattern 
Correlation 

(WPI) 
0.889 1.000 0.885 0.955 0.937 0.920 

Total Near-
Inertial Kinetic 
Energy (Tm2s-2) 

1.20E-01 9.30E-02 1.20E-01 9.10E-02 8.60E-02 9.30E-02 

Pattern 
Correlation (KE) 0.985 1.000 0.953 0.965 0.980 0.955 

 

Table 2.2: Sum of the near-inertial WPI and near-inertial KE among wind products and their 

pattern correlation over northern Gulf of Mexico
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Figure 2.7 Similar with figure 2.3, but for ROMS simulated WPI. 
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Figure 2.8 Similar with figure 2.4, but for ROMS simulated near-inertial KE. 
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Figure 2.9 Similar with figure 2.8, but for near-inertial vertical shear variance integral from 

surface to 50 m depth. 

CCMP ERAi

MERRA NAM

NARR NCEP2



 

 41 

 

ROMS 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 

Total Near-Inertial 
Kinetic Energy 

(Tm2s-2) 
7.80E-02 7.10E-02 7.30E-02 7.90E-02 6.80E-02 6.90E-02 

Pattern Correlation 
(KE) 0.955 1.000 0.880 0.922 0.945 0.872 

Total Near-Inertial 
Vertical Shear 
Variance (Ts-2) 

2.60E-03 2.30E-03 2.40E-03 2.70E-03 2.10E-03 2.20E-03 

Pattern Correlation      
(Shear Variance) 0.960 1.000 0.924 0.949 0.964 0.915 

 

Table 2.3: Sum of the near-inertial WPI, near-inertial KE, and near-inertial vertical shear 

variance among wind products over northern Gulf of Mexico, and their pattern correlation. The 

contribution of near-inertial WPI in total WPI is showing in percentage in total WPI.  
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CHAPTER III  

IMPACT OF NEAR-INERTIAL WAVES IN THE UPPER OCEAN 

 

3.1 Introduction 

Ocean near-inertial waves (hereafter NIWs), which have been recognized as one of the 

important energy sources to the abyssal diapycnal mixing, have been extensively studied by 

many theoretical, modeling and observational works (Furuichi et al., 2008; Komori et al., 2008; 

Jochum et al., 2013; Rimac et al., 2013; Simmons and Alford, 2013; Zhai et al., 2005, 2007 and 

2009). These NIWs are generally excited by meso-scales or synoptic scales of wind events, but 

they can also be generated by resonant ocean response to diurnal wind variability when local 

inertial frequency is close to diurnal frequency (Hyder et al., 2002; Simpson et al., 2002), such as 

the case in the northern Gulf of Mexico (Chen et al., 1996; Jarosz et al., 2007; Zhang et al., 2009, 

2010; Gough et al., 2016). Kim and Crawford (2014) noted that this resonant response of NIWs 

could be 8 to 12 times stronger than typical ocean response to diurnal wind forcing.  

NIWs are also important to a variety of ocean processes, such as phytoplankton dispersion 

(Franks, 1995) and mesoscale eddy dissipation (Polzin, 2010). In particular, they can make a 

significant contribution to mixing momentum and heat within the uppermost ocean, affecting 

mixed layer (ML) deepening (Jochum et al., 2013). As an example, a recent study by Furuichi et 

al. (2008) estimates that about 75%-85% of wind-induced near-inertial energy is dissipated 

within the upper 150m, contributing to the mixing process within the region. Kilbourne and 

Girton (2015) also demonstrated that increasing near-inertial wind power input (WPI) can lead to 

increase in ML thickness. Moreover, there is a so-called transition layer (TL) in between ML and 

thermocline, supporting both interfacial and internal waves, which can modify local stratification 
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and shear and also allow the exchange of wave energy and shear between the TL and the upper 

thermocline. Dominant NIWs, on one hand, propagating downward from the base of ML through 

TL, can contribute to mixing in the thermocline layer (D’Asaro et al., 1995; Alford and Gregg, 

2001; Alford, 2003; Dohan and Davis, 2011); on the other hand, propagating upward from the 

thermocline, can also alter oceanic properties within the ML (Dohan and Davis, 2011; Jochum et 

al., 2013).  

Previous studies have shown that NIWs can affect ML depth; however, the extent to which 

ML temperature can change in due course has not been well investigated and quantified, 

particularly in coastal regions where NIW energy is amplified by local inertial atmospheric 

forcing.  The main objective of this study is to develop a rigorous modeling approach to quantify 

the impact of wind-driven NIWs on upper ocean mixing and mixed layer temperature in the Gulf 

of Mexico. The chapter is organized as follows. An approach to suppress generation of NIWs 

and configurations of the model used in this study are briefly described in section 2. Section 3 is 

devoted to the examination of near-inertial WPI, near-inertial surface current kinetic energy 

(KE), as well as the evolution of ML temperature and vertical mixing processes. Conclusions and 

discussions are presented in Section 4. 

 

3.2 Filtering Method and Numerical Experiment Design 

3.2.1 Filtering Method 

Several methods have been proposed to quantify the influence of NIWs on upper ocean 

mixing and stratification.  One often used technique is to lowpass or band pass filter wind 

forcing to reduce to the excitation of near-inertial waves in numerical simulations to examine 

changes in upper ocean mixing and stratification  (Simmons and Alford, 2012; Kilbourne and 
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Girton, 2015). Jochum et al. (2013) experimented with the Community Climate System Model, 

version 4 (CCSM4) by changing the coupled frequency between the ocean and atmosphere 

models from 2-hr to 24-hr to suppress the generation of NIWs and examine their impact on mean 

state of the upper ocean. What they found was that NIWs can deepen the thickness of ML by up 

to 30%. A similar quantifying approach was adopted by Rimac et al. (2013), in which a 

subsampling of wind stresses from original 1-hr temporal resolution CFSR data to 4, 6, 12, and 

24-hrs was used in their model sensitivity experiments. They found that NIW energy generation 

was reduced by 40% when using 4-hrs and 84% when using 24-hrs wind stress forcing compared 

to that of using hourly forcing. Jing and Chang (2016) filtered out NIWs in their study of super-

inertial internal waves (SSIW)-NIW interaction by changing 6-hrs ERA-Interim reanalysis wind 

forcing to daily mean wind forcing in the Gulf of Mexico.  

Skyllingstad et al. (1999) conducted a series of idealized numerical experiments to study 

NIW response by using a prescribed wind forcing τ t =  e!! !∗!! !Asin[!!
!!
],   0 < t < t!. Note 

that ω∗ = ω− f represents the constant angular rotation rate relative to an inertial rotating 

reference frame, ω is the angular rotation rate relative to the earth’s surface, f is the local 

Coriolis frequency at 45oN, A is the maximum wind stress (A = 1.4 N m-2 in their study), and ts 

is storm duration (ts = 24 h). By setting ω∗ to different values NIWs can be either resonantly 

excited (resonant-on case: ω∗ = 0 s!! , i. e. (ω∗ + f) = f ), or not excited (resonant-off case: 

ω∗ = −f = −1.01 x 10!! s!!, i. e. (ω∗ + f) = 0).  They found that ocean boundary layer (OBL) 

had a shallow depth of 50 m in the resonant-off case, but a deeper depth up to 100 m depth in the 

resonant-on case. 

Deficiencies of these existing methodologies are apparent. Low-pass filtering wind stress 

does not only suppress NIWs and their induced vertical mixing but also reduces the total wind 
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stress variance. The latter will lessen the frictional velocity u*, weakening vertical mixing in a 

way that is unrelated to NIWs. Even more problematic, in most of the OGCM simulations, the 

surface turbulent heat fluxes and wind stresses are not prescribed but parameterized based on the 

bulk formula (eq.9 – eq.11). 

 

Q! = ρC!C!U!" T! − T!                                                      Eq. 9  

Q! = ρL!C!U!"(q! − q!)                                                     Eq. 10 

τ = ρC!"U!"                                                                         Eq. 11 

 

where Cp is the specific heat capacity of air, Cs and CL are the sensible and latent heat transfer 

coefficient, respectively, L! is the latent heat of evaporation, τ and U10 are the wind stress and 

speed at 10m above sea surface, Ts and Ta are surface ocean and air temperature, finally qs and 

qa are surface ocean and air specific humidity, respectively. As the bulk formulas are computed 

within the model as a part of model integration, using low-pass filtered winds in these bulk 

formulas can lead to weakened surface turbulent heat fluxes due to the reduction of total wind 

variance. The weakened heat flux may further affect the mixing within the mixed layer in a way 

that is also unrelated to NIWs. In a word, the simple low-pass filtering approach is not an 

optimal technique to isolate the impact of NIWs on upper ocean mixing.  

In this study, we attempt to remedy this problem by introducing a new approach – rotary 

spectrum filtering approach (hereafter, called RSFA) to more accurately assess the impact of 

NIWs on surface mixed layer. In this approach, we first decompose a gridded wind stress dataset 

into Fourier components at each grid point using Fast Fourier Transform (FFT): 
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U = U!e!!!
∗!

!!! ,where ω∗ = !"!!
!

                            Eq. 12 

 

where U = τ! + iτ! is near-inertial wind stress vector in complex number representation and 

ω∗ = ±0.8f ~  ± 1.2f represents frequencies in the near-inertial band. The previous chapter had 

validated that NIWs are resonantly excited by clockwise rotating wind stresses within the near-

inertial band in the Northern Hemisphere. Thus, removing the clockwise rotating wind stresses 

within the near-inertial band should be able to suppress NIWs.  This can be simply achieved by 

reversing the rotation direction of the clockwise rotating wind stresses within the band without 

removing any near-inertial wind stress energy. In other words, we simply transfer the clockwise 

rotating near-inertial wind stress energy to counter-clockwise rotating wind stress energy by 

changing ω∗ = 1.2f ~ 0.8f to ω∗ = −1.2f ~− 0.8f in Fourier space in Eq. 12. Once this is done, 

an inverse FFT is used to obtain a new wind stress dataset, which has no clockwise rotating wind 

stresses within near-inertial band, but has approximately the same variance as the original wind 

stresses. This RSFA should eliminate all the resonantly excited NIWs while keeping wind stress 

variance intact.    

 Figure 3.1 displays the rotary spectrum of wind stress vector at a randomly selected 

location within the Gulf of Mexico (90°W, 28°N). The blue line indicates the clockwise rotating 

wind stress spectrum, while the red line indicates the counter-clockwise rotating wind stress 

spectrum. The black line indicates the spectrum of a wind stress data that temporally filtered by 

sampling the wind stress every 24-h, following Rimac et al. (2013) (hereafter, called LPFA). 

Figure 3.1a and 3.1b compares the rotary spectrum before/after the RSFA and LPFA, 

respectively. It is clear that using the LPFA resulted in wind stress energy lost for frequencies 

higher than 0.5f, while the RSFA removes the near-inertial energy of the anticyclonic rotating 
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wind stress vector but doubles the near-inertial energy of the cyclonic rotating component, so 

that the total wind stress energy is approximately conserved.  

 

3.2.2 Experiment Design 

3.2.2.1 Idealized Experiment 

In order to test the validity of our RSFA, we first designed a set of idealized numerical 

experiments using the same model set up as in Jing and Chang (2016), but with different wind 

forcing. The Regional Ocean Modeling System (ROMS) was used to conduct the numerical 

experiments. ROMS jointly developed by the Rutgers University and UCLA is a free-surface, 

terrain-following, primitive-equation model based on the hydrostatic and Boussinesq 

approximations (Shchepetkin and McWilliams, 2005). It is designed to simulate regional ocean 

circulations with high-horizontal resolutions. Physics parameterization schemes adopted in 

ROMS include a KPP (K-profile parameterization, Large et al. 1994) vertical turbulent mixing 

closure scheme, a bi-harmonic horizontal Smagorinsky mixing for the momentum, and a 

Laplacian horizontal mixing for tracer diffusion. The model used in our idealized experiments is 

configured over a 20o x 20o channel with a uniform depth of 2000 m and cyclic boundary 

condition in zonal direction. The horizontal resolution is 10 km x 10 km and the vertical 

resolution is 50 layers with 19 layers in the upper 100 m. The simulation starts with a quiescent 

and horizontally homogeneous ocean and extends over a 7-day period. The initial vertical 

profiles of temperature and salinity of ocean mimicked the northern Gulf of Mexico (north of the 

26oN) in the boreal summer. The model was forced by prescribed fluxes. Heat fluxes and fresh 

water flux of experiments are set to zero for simplicity. The momentum flux in the control 

experiment (hereafter CTL) was derived from the NDBC BUOY 42035 wind stresses from July 
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30 to August 5, 2010, and applied to all of the grid points, so that there is no spatial variation of 

wind stress forcing within the model domain. The reason that this time period was chosen is that 

in the summer of 2010 strong diurnal winds were observed in the northern Gulf, which are 

expected to resonantly excite NIWs. To compare to CTL, two other numerical experiments were 

designed. One experiment was forced by the filtered wind stresses using the RSFA filter  

(hereafter RSF), while the other was forced by the filtered wind stresses using the 24-h daily 

mean lowpass filter approach (hereafter LPF).  

 

3.2.2.2 Sensitivity Experiments with Realistic Forcing in the Gulf of Mexico 

ROMS used in this set of sensitivity experiments was configured differently from the one 

used in the idealized experiments. The model domain covers the entire Gulf of Mexico with 3 

km x 3 km horizontal resolution. The vertical grid has 60 s-levels with higher resolution in the 

upper ocean (~30 levels in the upper 100 m). Simulations were integrated for both summer (May 

– September) of 2010 to 2012 and winter (November to March) of 2010 to 2012. The initial and 

lateral boundary conditions were derived from the 6h dataset of the Hybrid Coordinate Ocean 

Model (HYCOM) Gulf reanalysis. Surface atmospheric forcing was derived from the 6h dataset 

of the ERA-Interim reanalysis. Sea-surface salinity restoration was applied using the CARS2009 

climatological sea-surface salinity data to account for river discharge effects.  

We first performed a simulation using ROMS’ bulk formula with atmospheric variables from 

the ERA-Interim reanalysis from January 2010 to May 2013 (hereafter, CTL-BLK). Once the 

simulation was completed, we extracted the surface fluxes every 3 hours (both momentum and 

heat fluxes) from this simulation and used them to conduct the sensitivity experiments. The 

sensitivity experiments consisted of 1) a set of control runs (CTL), 2) a set of filtered runs using 
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the RSFA to the wind stresses (RSF), and 3) a set of filtered runs using a 24-h daily mean 

lowpass filter approach with a cut-off frequency of 0.5f in the wind stresses (LPF).  Each set of 

runs contains 3 summer (May – September) simulations for 2010, 2011 and 2012 and 3 winter 

(November to March) for 2010, 2011 and 2012. Again, the initial and boundary conditions for 

these summer and winter runs were derived from HYCOM Gulf reanalysis, and the 

climatological surface salinity data was also used for the sea surface salinity restoration.   

 

3.3 Results 

3.3.1 Idealized Numerical Simulations 

In this section, we first compare the effectiveness of the RSFA to that of the commonly used 

low-pass filtering approach in isolating NIWs using the idealized numerical experiments. We 

compare the results from RSF and LPF run to CTL run, respectively, by examining differences 

in wind stresses, near-inertial wind power input (WPI), near-inertial surface current kinetic 

energy (KE), as well as near-inertial vertical shear variance. The time-mean wind stresses and 

wind stress variance averaged over the model domain is 2.33 x 10-2 Nm-2 and 2.93 x 10-4 N2m-4 

for CTL, 2.53 x 10-2 Nm-2 and 1.97 x 10-4 N2m-4 for RSF and 1.97 x 10-2 Nm-2 and 1.15 x 10-4 

N2m-4 for LPF, respectively. It is evident that both the mean wind stress and wind stress variance 

are closer between CTL and RSF than between CTL and LPF, indicating that the RSFA is more 

superior preserving the wind stress variance than the low-pass filtering approach. Table 3.1 

shows the domain-averaged time mean near-inertial WPI and near-inertial KE of the three 

numerical experiments.  It is clear that the WPI values of RSF and LPF are on the same order of 

magnitude, but are one order of magnitude smaller than that of the CTL, indicating that both 

filtering approaches effectively remove wind energy input in the near-inertial frequency band. As 
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a result, the domain-averaged near-inertial KE values in RSF and LPF are also much smaller 

than that of CTL, suggesting that NIW activities in the two filtered experiments are much 

weaker. The impact of NIWs on upper ocean mixing is shown in Figure 3.2 in terms of domain-

averaged time mean near-inertial vertical shear variance as a function of depth. High values of 

shear variance in CTL of up to 2.0 x 10-5 s-2 is seen at 50 m depth, which is close to the base of 

the mixed layer, while much lower shear variance value is seen in RSF and even lower values in 

LPF.  These results confirm the effect of NIWs on upper ocean mixing and the effectiveness of 

the filtering techniques to remove the effect of NIWs. 

Based on these idealized experiments, we conclude that both RSF and LPF effectively filter 

NIWs, minimizing their impact on upper ocean mixing. However, the shear variance in RSF is 

stronger than that of LPF. This difference is possibly attributed to the difference in super-inertial 

frequency winds that are filtered by the lowpass filter approach. Since the super-inertial 

frequency wind events may also contribute to upper ocean mixing, the temporal sampling filter 

that suppresses all wind fluctuations with frequencies higher than the cutoff frequency (inertial 

frequency) can lead to an overestimation of NIWs impact on upper ocean mixing. In contrast, the 

RSFA does not remove the super-inertial frequency wind energy, thus should be more accurate 

in isolating the impact of NIWs on upper ocean mixing. 

Figure 3.3 shows the time change of entire model domain average of the depth of ML 

between simulations (blue: CTL, red: RSF, and black: LPF). The change of the MLD in CTL 

varies from ~50.5 m to ~56 m, while there is no significant difference in MLD change with time 

between RSF and LPF. As mentioned above, the near-inertial vertical shear variance has a strong 

peak at ~50 m in CTL, which is consistent with the change of the MLD in CTL, indicating the 

change between CTL and the sensitivity experiments is due to the enhancement of NIWs. 
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Moreover, both RSF and LPF show similar reduction of MLD, it seems to suggest that the 

difference in the near-inertial vertical shear variance between the two experiments, which is 

mainly caused by the difference in the super-inertial winds, does not contribute significantly to 

the time-mean MLD. Further analysis is required to understand this result.  

 

3.3.2 WPI Impact in Summer Northern Gulf of Mexico 

In this and next subsection, we assess the effect of NIWs on surface mixed layer in the Gulf 

of Mexico under realistic oceanic settings using the RSFA. Figure 3.4 shows the spatial 

distribution of three summer-mean (2010-2012) near-inertial WPI produced by three numerical 

experiments, CTL, RSF, and LPF, respectively. High values of WPI in CTL are concentrated 

along the northern Gulf of Mexico, and spreading mostly over the continental shelf. The 

maximum values are up to 3.0 x 10-3 Wm-2 that are located on the Texas Shelf (approximately 

between from 26oN to 28oN and from 98oW to 95oW). In contrast, in both RSF and LPF 

simulations WPI values are approximately 30 times weaker than that in CTL simulation, 

apparently because near-inertial wind stresses are filtered out and can not resonantly excite 

NIWs. Interestingly, outside of the northern Gulf, the maximum WPI in CTL (1.3 x 10-3 Wm-2) 

is up to approximately 3.5 times stronger than that in the RSF (3.8 x 10-4 Wm-2) and 17 times 

stronger than that in LPF (7.4 x 10-5 Wm-2), signifying that super inertial frequency wind 

activities are retained in RSF, but are filtered in LPF, resulting in the weakest WPI in LPF.  The 

total near-inertial WPI in the northern Gulf of Mexico (Table 3.2) in the CTL experiment is 

about 4.75 x 10-4 TW, which mounts to about 20% of the total wind power input. The total near-

inertial WPI values in RSF and LPF are 1.54 x 10-5 TW and 1.12 x 10-5 TW, respectively, which 
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is approximately 30-40 times weaker than the value in CTL and mounts to only 1% of the 

corresponding total wind power input.  

We also computed near-inertial KE in these three simulations as shown in figure 3.5. 

Similarities between KE and WPI are obvious. The high values of KE in CTL spread over the 

northern Gulf of Mexico (from 26oN to 30oN) with maximum values up to 3 x 10-2 m2s-2. The 

total value integrated over northern Gulf reaches to 6.41 x 10-3 Tm2 s-2, which is more than 10 

times the value in RSF (4.83 x 10-4 Tm2s-2) and 20 times the value in LPF (3.16 x 10-4 Tm2s-2). 

However, there are important differences between KE and WPI. High values of KE are mostly 

concentrated near the Mississippi-Atchafalaya River plume region and towards to the western 

Florida coast, while high values of WPI are mostly located on the Texas Shelf.  This difference 

can be partially attributed to the difference in MLD, as shown in the previous chapter. On the 

Texas Shelf, the MLD is deeper than other regions in the northern Gulf of Mexico, which gives 

rise to high values of WPI in the region. 

Previous studies show that the majority of NIW energy (75%-85%) is dissipated within 

the surface ML, resulting in the strong NIW-induced shear variance near ML base that leads to 

strong vertical mixing in the region (Furuichi et al., 2008; Zhai et al., 2009). Figure 3.6 compares 

vertically integrated NIW-induced shear variances over upper 50 m in the three experiments. In 

CTL, high values of near-inertial shear variance are up to 1.0 x 10-2 s-2, which are mainly 

concentrated along the Texas-Louisiana Shelf and the offshore of Alabama, extending from 27oN 

to 30oN and from 93oW to 87oW. The total value of the vertically integrated shear variance over 

the northern Gulf of Mexico is about 1.89 x 10-3 Tm2s-2, which is approximately 10 times larger 

than the values in RSF (2.07 x 10-4 Tm2s-2) and LPF (1.39 x 10-4 Tm2s-2).  These results are 



 

 53 

consistent with the finding reported in the previous chapter, confirming the role of NIWs in 

mixing the upper ocean. 

The SST differences between CTL and RSF (CTL-RSF), as well as between CTL and 

LPF (CTL-LPF), are shown in Figure 3.7. SST in CTL is mostly cooler than that in RSF and 

LPF, in accordance with the stronger mixing in CTL than in RSF and LPF. The largest SST 

difference between CTL and RSF can be up to ~0.5 oC on the western Florida Shelf, while the 

difference between CTL and LPF is even higher, approaching ~0.6 oC.  

Figure 3.8 displays the differences of surface MLD between CTL and RSF (CTL-RSF), 

and between CTL and LPF (CTL-LPF). Consistent with the stronger mixing and cooler SST, the 

MLD in CTL is deeper than both RSF and LPF. The MLD difference between CTL and RSF can 

reach up to 2.7 m (~20% of the mean MDL in CTL), while it reaches even larger value of 3.0 m 

(~24 % of the mean MDL in CTL) between CTL and LPF in the enclosed region from 26oN to 

30oN and from 95oW to 82oW. The time mean domain average MLD difference ratio over the 

northern Gulf of Mexico between CTL and RSF can reach to 5% (~0.5 m), and is up to 10% 

(~1.1 m) between CTL and LPF. It should be noted that these MDL differences solely come 

from the difference in high-frequency atmospheric wind stress forcing among different 

experiments. The wind stresses in the LPF contain little variance for frequencies higher than the 

inertial frequency, while the wind stresses in RSF have no clockwise rotating near-inertial 

component but the total wind stress variance is basically intact. Therefore, in LPF vertical 

mixing is not only affected by removing NIWs, but also by removing super-inertial waves.  It is 

then not surprising that results of LPF show larger changes in SST and MLD than those of RSF 

compared to CTL. It is also worth noting that differences in SST are quite small, on the order of 

0.2oC, between RSF and LPF, in spite of the relatively large MLD differences between the two 
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experiments. One possible reason may be due to the fact that entrainment cooling in the summer 

may be weak, so that changes in vertical mixing do not contribute significantly to SST changes.  

Figure 3.9 presents the profiles of the northern Gulf of Mexico domain-averaged time 

mean Richardson number, total vertical shear variance, stratification, and near-inertial vertical 

shear variance in the northern Gulf of Mexico from the surface to 20 m below. The Richardson 

number is defined by the ratio of the stratification and the total vertical shear variance, where the 

stratification is computed by NN = −gρ!
!!
!"

 and the total vertical shear variance is SS = !"
!"

!
+

!"
!"

!
.  We also computed the near-inertial vertical shear variance, SS! =

!!!
!"

!
+ !!!

!"

!
, where 

the subscripts i indicates within the near-inertial band. Significant differences exist in different 

experiments. For example, near-inertial vertical shear variance in CTL (blue) increases with 

depth until a maximum value of 1.68 x 10-4 s-2 at approximately 2.5 m, while in RSF (red) and 

LPF (black) it reaches a maximum value of 1.2 x 10-4 s-2 and 0.5 x 10-4 s-2 at approximately 1.3 

m, respectively. Noticeably, the near-inertial shear variance in RSF is greater than that in LPF in 

the upper 10 m, consistent with the notion that super inertial waves contribute significantly to the 

shear variance. The contribution of the near-inertial shear variance to the total shear variance can 

be observed by comparing Figure 3.9d to Figure 3.9b. In the CTL, the percentage of near-inertial 

shear variance in total shear variance increases with depth from 15% near the surface to about 

70% at 10 m depth. Within the upper 10-20 m, over 50% of the total shear variance comes from 

contribution from near-inertial shear. In contrast, the percentage of contribution from near-

inertial to total shear variance in RSF and LPF 12% and 5% at surface, but both experiments 

show the maximum contribution approximately ~13% (RSF) and ~12% (LPF), respectively, at 

the top 25 m.  
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The stratification (figure 3.9c) has maximum value at surface and decrease drastically 

from surface till about 4 m depth. Within the ocean interior (below approximately 20 m), the 

stratification in all the experiments has the same value. The gradient Richardson number that 

measures the relative importance of stratification vs. total shear variance is shown in Figure 3.9a. 

Note the dashed line indicates a critical value of 0.25. It is distinguishable that Richardson 

number values in CTL are smaller than the critical values in upper 5 m, indicating that 

turbulence mixing occurs near the surface. The Richardson number in both RSF and LPF are 

found larger than the critical value immediately below the surface, suggesting that turbulence 

mixing is significantly weaker in RSF and LPF than in CTL.  

It is worth pointing out that there are discernable differences between RSF and LPF. The 

simulated SST is cooler and MLD is deeper in RSF than LPF, as shown in Figure 3.7 and 3.8. 

These differences between the RSF and LPF are not due to the wind-driven NIWs, since in both 

cases NIWs are filtered out and the WPI are less than 0.1 x 10-3 Wm-2 that is 30 times weaker 

than that in CTL, and are likely attributed to the super inertial waves that are filtered out along 

with NIWs by the lowpass filtered technique employed in LPF, but are retained in RSF.  

Therefore, the vertical mixing induced by super inertial waves is absent in LPF, but retained in 

RSF. This leads to weaker vertical mixing, shallower MLD and warmer SST in LPF than in RSF. 

Although these differences are not significantly large, they nevertheless point to the fact that the 

24-h daily mean lowpass filter approach is likely to overestimate NIW-induced vertical mixing 

and surface cooling because it does not properly separate out the super inertial wave contribution 

from NIW contribution to vertical mixing. 
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3.3.3 WPI Impact in Winter Northern Gulf of Mexico 

The previous subsection focuses on NIWs and their impact on upper ocean mixing in Gulf of 

Mexico during boreal summer. This is motivated by the fact that the northern Gulf is dominated 

by LSB during summer that generates energetic diurnal wind variation, which can in turn 

resonantly excite NIWs.  During winter, NIWs in the Gulf of Mexico are generated by passing 

winter storms and fronts. Although these atmospheric forcings are relatively infrequent during 

winter over the Gulf of Mexico, the upper ocean stratification is also considerably weaker in 

winter than in summer. Therefore, it is interesting to examine the role of NIWs in maintaining 

winter mixed layer in the Gulf of Mexico. In this section, we will examine the results from 3 

winter season simulations using the RSFA and LPF approaches as previously done in the 

summer analysis to assess the role of NIWs in maintaining winter surface mixed layer in the Gulf 

of Mexico.  

Figure 3.10 shows the spatial distribution of 3-winter averaged near-inertial WPI in the Gulf 

of Mexico. The highest value of the WPI is up to 2.0 x 10-3 Wm-2 and occurs near the Mississippi 

River delta between 27.5oN-29oN and 91oW-88oW.  The domain averaged WPI value over the 

northern Gulf of Mexico is about 3.77 x 10-4 TW in CTL (Table 3.3) that is about 20% lower 

than the value in the summer. One major difference of WPI spatial distribution between summer 

and winter is that the winter pattern extends considerably further south, nearly covering the 

entire basin of the Gulf of Mexico, consistent with the fact that LSB is no longer the dominating 

factor for WPI.  Like in the summer experiments, the values of WPI in both RSF and LPF are 

considerably smaller than that in CTL. The maximum value of WPI is only about 3.59 x 10-5 TW 

in RSF and 7.23 x 10-5 TW in LPF. The domain-averaged WPI in CTL is more than one order of 

magnitude larger than those in RSF and LPF, as shown in Table 3.3.  In terms of contribution 
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from near-inertial WPI to total WPI, CTL shows approximately 10%, while RSF and LPF show 

1% or less contribution to total WPI.  These results confirm that both filtering approaches are 

effective in suppressing near-inertial WPI. 

Figure 3.11 displays the spatial distribution of near-inertial KE in winter over the Gulf of 

Mexico. The highest values of near-inertial KE in CTL are within the range of 0.75 x 10-2 to 1.50 

x 10-2 m2s-2 located near the outer Mississippi River delta and the domain averaged value of KE 

is about 1.43 x 10-3 Tm2s-2 over the northern Gulf of Mexico.  In contrast, both RSF and LPF 

generate much lower near-inertial KE values with a domain-averaged value of 3.97 x 10-4 Tm2s-2 

in RSF and 1.92 x 10-4 Tm2s-2 in LPF over the northern Gulf of Mexico. Again, these values are 

approximately one order of magnitude lower than that in CTL. Consistent with the spatial 

distribution of near-inertial WPI, spatial distributions of near-inertial KE show large loadings in 

the southwestern Gulf over the region of the Veracruz Tongue between 19oN-23.5oN and 97oW-

92oW, indicating strong NIW activity in this region.  Also visible from Figure 3.11 is a band of 

high near-inertial KE along the path of the Loop Current.  This high near-inertial KE structure is 

not affected by the filtered wind forcing and remains relatively unchanged in all three 

experiments, suggesting that this high near-inertial KE is generated by internal dynamics of the 

ocean, most likely associated with instability of the Loop Current. 

Figure 3.12 shows the corresponding near-inertial vertical shear variance averaged over the 3 

winters.  High values of near-inertial shear variance in CTL are up to 2.2 x 10-3 s-2, which is 

again mainly concentrated near the mouth of the Mississippi River as well as along the Texas-

Louisiana-Mississippi-Alabama coast. High values are also found in the region of the Veracruz 

Tongue.  This pattern of near-inertial shear variance is consistent with the pattern of near-inertial 

KE shown in Figure 3.11a, except along the Texas-Louisiana-Mississippi-Alabama coast where 
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the depth is shallow. The spatial pattern of near-inertial shear variation in RSF and LPF shows 

strong similarity with that in CTL, except with lower values. The highest value in LPF is about 

0.9 x 10-3 s-2, while it is 1.8 x 10-3 s-2 in RSF. The fact that the shear variance has similar spatial 

structures in the three experiments suggests that the near-inertial shear variance during winter 

may be determined more strongly by ocean internal dynamics than near-inertial wind forcing.  

More analysis, however, is required to further examine this possibility. 

3-winter mean SST differences between CTL and RSF (CTL-RSF) and between CTL and 

LPF (CTL-LPF) are shown in Figure 3.13. There are some broad agreements between the SST 

differences and near-inertial shear variance and near-inertial KE differences shown in figure 3.12 

and figure 3.11. Over much of the western Gulf CTL shows cooler SST than both RSF and LPF, 

which is consistent with the higher near-inertial shear variance and near-inertial KE over the 

region in CTL than in RSF and LPF.  The stronger SST difference between CTL and LPF than 

between CTL and RSF is also consistent with the fact that LPF filtered more high-frequency 

wind variance than RSF, resulting in a weaker vertical mixing in general. These results are 

further supported by the MLD differences between CTL and RSF (CTL-RSF) and between CTL 

and LPF (CTL-LPF) shown in Figure 3.14.  It shows clearly that areas where CTL shows cooler 

SST than both RSF and LPF generally correspond to areas where MLD is deeper in CTL than in 

RSF and LPF. These results also support the notion that wind-driven NIWs can affect vertical 

mixing in the mixed layer, which in turn affect SST.  However, comparing to the summer 

response, the winter SST and mixed layer response clearly has more structures. There are regions 

where SST and MLD changes are not consistent with the changes in NIW-induced vertical 

mixing.  For example, an interesting pattern of positive SST difference is found in the nearshore 

region of the Texas-Louisiana Shelf between CTL and other two experiments.  This difference is 
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quite significant and has a value of ~0.5oC between CTL and LPF. However, the shear variances 

shown in Figure 3.12 indicate a stronger shear variance in CTL than in other experiments in this 

region.  Interestingly, the MLD shows little change among the three experiments.  Therefore, the 

positive SST difference cannot be simply explained by changes in NIW-induced mixing and 

required further in-depth investigations.  Similar positive SST differences also occur in the 

eastern portion of the Loop Current that cannot by explained by changes in near-inertial shear 

variance.  Causes of these SST changes require further analyses that are beyond the scope of this 

study.  

 

3.4 Discussions and Conclusions 

In this study, we propose a new modeling approach to quantify the role of NIWs in 

maintaining surface mixed layer in the Gulf of Mexico. In this approach a RSF is applied to wind 

stresses to suppress the wind-driven NIW response.  Compared to widely used lowpass filtering 

approach in many previous studies, the RSF provides a more accurate way to isolate the effect of 

NIWs by preserving the total wind stress variance. Before we applied this new modeling 

approach to a set of realistic simulations in the Gulf of Mexico, we first conducted a series of 

idealized numerical experiments that serve as test beds for the different filtering approaches. The 

analysis shows that the RSF is as effective as the LPF filter to suppress near-inertial WPI and 

near-inertial KE, but the vertical shear variance is quite different between the two filters. This is 

because the LPF filter removes all the wind stress variance for frequencies higher than inertial 

frequency, which results in removing not only NIWs but also super inertial waves.  The latter 

also contributes to shear variance.  Therefore, the LPF filter tends to overestimate the 
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contribution of NIWs to vertical mixing, while the RSF provides a more accurate way of 

estimating the contribution of NIWs to upper ocean mixing.  

We then conducted a set of model sensitivity experiments in the Gulf of Mexico under 

realistic ocean setting.  The sensitivity experiments consist of a CTL simulation using HYCOM 

reanalysis data as lateral boundary conditions and the ERA-Interim reanalysis as atmospheric 

forcing and two perturbed runs with different filtered wind stresses – one with RSF filtered wind 

stress and the other with LPF filtered wind stresses (LPF). The results show that RSF is as 

effective as the temporally resampling filter to remove near-inertial WPI and KE, but it produces 

a weaker response in shear variance, MLD and SST. This suggests that using the 24-h daily 

mean lowpass filter approach may again lead to an overestimation of the role of NIWs in 

maintaining surface mixed layer.  

This study also attempts to compare the effect of NIWs on surface mixed layer during 

summer and winter in the northern Gulf of Mexico. During the boreal summer, NIWs in the 

northern Gulf are excited by diurnal resonant with wind variation associated with the strong LSB 

on the northern shelf of the Gulf, resulting in strong near-inertial KE in the region. However, the 

summer vertical stratification is strong, resulting in a very shallow MLD.  This strong 

stratification tends to overpower NIW-induced vertical mixing at the mixed layer base. As a 

result, the change in mixed layer depth and SST induced by NIWs is quite moderate. In 

wintertime, although the stratification is weaker in the Gulf, NIWs are also less energetic than 

that during summer.  This also results in a weak impact of NIWs on surface mixed layer and SST 

in the Gulf. Therefore, we conclude that although the northern Gulf is a region where NIWs are 

energetic and NIWs do provide significant near-inertial shear variance at the base of the mixed 

layer, their impact on SST and mixed layer depth is quite modest.   
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Finally, we would like to make a cautionary comment about using the bulk formula in 

estimating the impact of NIWs on SST. As mentioned earlier, all the sensitivity experiments 

presented here are based on previously computed momentum and heat flux forcing, but not based 

on the bulk formula, because filtering the near-inertial winds can have an influence on heat 

fluxes through altering wind speed.  To quantify this effect, we conducted another set of 3 

summer runs where we directly filtered the winds using the 24-h daily mean lowpass filter 

approach and then computed the momentum and heat fluxes using the bulk formulas during the 

model integration (hereafter BLK). Figure 3.15a shows the difference of the 3-summer mean 

MLD and SST between CTL and BLK.  It is evident that the MLD difference between CTL and 

BLK is much greater than that between CTL and LPF. The MLD in CTL is up to 12 m deeper 

than that in BLK. Similarly, the difference in simulated SST between CTL and BLK is also 

much greater than that between CTL and LPF with values approaching 1.5oC (Figure 3.15b). 

These large differences, however, are clearly generated by changes in surface fluxes due to wind 

speed variance changes caused by filtering the high-frequency winds, which is not directly linked 

to NIWs.  Therefore, this modeling approach using filtered winds within the framework of bulk 

formulas can lead to severe overestimation of NIWs’ impact on surface mixed layer dynamics.  
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Figure 3.1 Rotary spectrum analysis on the selected grid point over the Gulf of Mexico (blue: 

power on the clockwise rotation, red: powers on the counterclockwise rotation, and black: 24-h 

temporal filter). The highlights on the lower panel show the anticyclonic wind power within the 

near-inertial band transforms to the cyclonic wind power with the near-inertial band. 
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Figure 3.2 Vertical profile of time mean domain average near-inertial vertical shear variance. 

Colors indicates the various experiments (blue: CTL, red: RSF, and black: LPF.) 
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Table 3.1 Total values of near-inertial WPI and near-inertial KE for idealized simulation 

experiments. 

 

 

Figure 3.3 Time series of domain average bottom base depth change of mixed layer. Colors 

indicates the various experiments (blue: CTL, red: RSF, and black: LPF.) 
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Figure 3.4 3-Yr summer mean ROMS simulated near-inertial WPI among various experiments 

(CTL: left, RSF: middle, LPF: right)  
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Figure 3.5 Similar with figure 3.2, but for spatial distribution of ROMS simulated near-inertial 

KE. 
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Table 3.2 Total value of 3-Yr summer averaged ROMS simulated near-inertial WPI, near-inertial 

WPI contribution to total WPI, near-inertial KE, and near-inertial vertical shear variance among 

various wind products over northern Gulf of Mexico.
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Figure 3.6 Similar with figure 3.2, but for spatial distribution of ROMS near-inertial vertical 

shear integral over upper 50 m of water column. 
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Figure 3.7 3-Yr summer mean simulated SST difference (left: CTL minus RSF, and right: CTL 

minus LPF), colors indicate the degree-C. 

 

 

 

Figure 3.8 Similar with Figure 3.5, but for 3-Yr summer mean MLD difference (units: m) 
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Figure 3.9 3-Yr summer mean of domain averaged vertical profile of Richardson number within 

water column over the northern Gulf of Mexico (upper left), and total vertical shear variance 

(upper right), stratification (lower left), and near-inertial vertical shear variances (lower right). 

Colors indicates the experiments 
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Figure 3.10 Similar with figure 3.3, but for winter simulated near-inertial WPI. 
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Figure 3.11 Similar with figure 3.4, but for winter simulated near-inertial KE. 
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Table 3.3 Similar with table 3.2, but for winter season.
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Figure 3.12 Similar with figure 3.4, but for winter simulated near-inertial vertical shear variance 

integral. 
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Figure 3.13 Similar with figure 3.5, but for winter mean simulated SST difference. 

 

 

 

 

Figure 3.14 Similar with figure 3.6, but for winter mean simulated MLD difference. 
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Figure 3.15 3Yr summer mean simulated MLD and SST difference between CTL and BLK (left: 

MLD, and right: SST) 
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CHAPTER IV  

CONCLUSIONS AND FUTURE WORK 

 

This dissertation illustrates the impact of resonantly excited near-inertial internal waves 

(NIWs) by diurnal winds related to LSB during boreal summer and winter storms and 

atmospheric front systems during winter, over the Gulf of Mexico from two aspects. First, we 

validated wind products from various atmospheric analysis datasets using in situ buoy 

observations and found that all the reanalyzed winds are biased in representing diurnal wind 

variation in the northern Gulf during summer.  We then investigated how these biases in diurnal 

winds can have an impact on NIW generation in the Gulf using two ocean models, one 

simplified and another comprehensive 3-D primitive equation model.  We examined the 

relationship among wind speed, near-inertial wind power input, near-inertial surface current 

kinetic energy, and associated vertical shear instabilities. Second, we developed a new modeling 

technique to examine impact of NIWs on mixing at the mixed layer base, which in turn affects 

mixed layer depth (MLD) and sea surface temperature (SST). A novelty of this new technique is 

that it approximately preserves wind stress variance while suppressing NIW excitation through 

clockwise rotating near-inertial winds. Compared to previous filtering techniques that do not 

preserve wind variance, our new technique is potentially more accurate in accessing the role of 

NIWs in upper-ocean mixing. The main conclusions of this dissertation are summarized as 

follows. 
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4.1 Conclusions 

4.1.1 Uncertainty in Diurnal Wind Variation and Its Impact on NIWs  

Virtually all wind products from widely used atmospheric reanalysis are biased in 

representing the strength of diurnal wind variation associated with summer LSB in the northern 

Gulf of Mexico. This bias problem is particularly severe in the northeast Gulf of Mexico over 

western Florida Shelf. The uncertainty in reanalysis winds gives rise to a significant uncertainty 

in near-inertial wind power input (WPI) when used to force an ocean model.  We demonstrate 

this uncertainty by using both a simple slab ocean model and a 3-D primitive equation model 

ROMS forced by various reanalysis wind products. It is shown that the CCMP winds produce the 

strongest near-inertial surface current kinetic energy, while the MERRA has the weakest value. 

While many reanalysis winds generate the strongest NIW response over the Mississippi-

Atchafalaya river plume region where mixed layer depth is shallow, the most energetic near-

inertial kinetic energy when forced by NCEP winds occurs on the Texas Shelf. We further found 

a positive linear relation between near-inertial wind power input and near-inertial surface current 

kinetic energy in both simple slab model and ROMS simulations, which suggests that the near-

inertial surface current kinetic energy in the Gulf of Mexico is primarily generated by near-

inertial wind power input. Finally, we estimate that the near-inertial wind power input contribute 

to 3% ~ 10% of total wind power input in the northern Gulf of Mexico.  

ROMS simulations further allow us to compute and compare near-inertial vertical shear 

variance that is thought to be critically important in maintaining vertical mixing at the base of 

mixed layer caused by the near-inertial waves driven by diurnal winds. The results show that 

most of high values of near-inertial vertical shear variance are located on the northern Gulf of 

Mexico, consistent with the spatial distribution of WPI and KE, supporting the notion that the 
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energetic diurnal winds in the northern Gulf lead to generation of strong near-inertial motions 

that contribute to stronger vertical shear variance in the upper ocean. 

 

4.1.2 Quantifying the Impact of NIWs on Mixed Layer Depth and SST in Gulf of Mexico 

Previous studies on the impact of NIWs have been based on numerical model experiments 

where a model run forced with winds that are lowpass filtered to suppress variability higher than 

inertial frequency is compared to a control run forced by original unfiltered winds. The use of 

lowpass filtering suppresses not only NIWs, but also super-inertial waves that can also contribute 

to vertical mixing in the upper ocean. Furthermore, the lowpass filtering approach does not 

preserve wind variance, so that surface momentum and heat fluxes that depend on total wind 

variance are altered, making it difficult to isolate the effect of NIWs.  

In this study, we developed a new filtering, named as CW-CC approach, which we simply 

switch the clockwise rotating near-inertial wind stresses to the counter-clockwise rotating 

component, so that total wind stress variance is approximately. We found that the filtering 

technique works as effectively as the lowpass filtering approach in suppressing NIWs, and yet it 

does not generate side effect due to alteration in total wind stress variance. Therefore, the new 

approach works better to isolate the effect of NIWs. Comparisons between the CW- CC 

approach and lowpass filtering approach suggest that the latter overestimates the impact of NIWs 

on surface mixed layer. It implies that previous studies may exaggerate the impact of NIWs on 

surface mixed layer.  
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4.2 Future Work 

Despite the progress made in this dissertation research, many questions still remain to be 

answered in future studies regarding diurnal wind variability in the Gulf of Mexico and the role 

of NIWs in ocean mixing. First, as documented in Chapter II, virtually all reanalysis wind 

products are biased low compared to in situ buoy observations. The cause of this bias remains to 

be understood. Furthermore, the analyses in Chapter II focuses on surface mixed layer, so that 

the issue concerning how uncertainties in NIWs generated by various wind products can affect 

deep-ocean mixing is not addressed and requires further investigation.  

Second, the new modeling approach introduced in Chapter 3 to better isolate the impact of 

NIWs on upper ocean mixing is applied to the Gulf of Mexico as a case study. It will be 

interesting to apply it globally to re-quantify the role of NIWs in ocean mixing. In addition, 

previous studies addressed some aspects of NIWs in influencing marine biological state. For 

example, Granata et al. (1995) hypothesized that shear instabilities caused by NIWs can 

stimulate new production of chlorophyll. Bouffard et al. (2014) showed that NIW-driven shear 

instabilities could enhance the vertical dissolved oxygen in the hypolimnion by up to 12% over 

the basin of lake Eric. Franks (1994) pointed that the thickness of the phytoplankton is directly 

related to the NIWs shear, which in turn can affect the growth rate of zooplankton. The 

relationship between NIWs and marine biological state of the Gulf of Mexico has not been 

studied.  In particular, whether NIWs can play a role in the hypoxia in the northern Gulf of 

Mexico deserves careful future studies.  
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