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Abstract

We report the observation of internal wave fields evolving at the continental slope in the northern Gulf of Mexico using oil-

industry three-dimensional (3D) seismic imaging techniques. High-resolution seismic images reveal dynamic wave fields actively

present in the 600-900 m water column. The spectral analysis of these wave fields shows that these waves possess a slope

that represents the characteristics of internal waves. Further analyses suggest that these internal wave fields are most likely

generated by a nearby cyclonic eddy and its interaction with the continental slope. This work demonstrates that oil-exploration

3D seismic data, if appropriately analyzed, are a useful and powerful dataset for studying the temporal evolution of deep ocean

dynamics that would otherwise be impossible at similar vertical and lateral resolution.
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Abstract13

We report the observation of internal wave fields evolving at the continental slope in the14

northern Gulf of Mexico using oil-industry three-dimensional (3D) seismic imaging tech-15

niques. High-resolution seismic images reveal dynamic wave fields actively present in the16

600-900 m water column. The spectral analysis of these wave fields shows that these waves17

possess a slope that represents the characteristics of internal waves. Further analyses sug-18

gest that these internal wave fields are most likely generated by a nearby cyclonic eddy and19

its interaction with the continental slope. This work demonstrates that oil-exploration 3D20

seismic data, if appropriately analyzed, are a useful and powerful dataset for studying the21

temporal evolution of deep ocean dynamics that would otherwise be impossible at similar22

vertical and lateral resolution.23

Plain Language Summary24

Waves inside the ocean, or internal waves, are difficult to visualize with traditional25

ocean measurements. In this study, we present high-resolution images of the internal waves26

in the northern Gulf of Mexico using a technique called seismic reflection imaging. In this27

technique, low-frequency sound signals reflected from the ocean are collected and used to28

reconstruct the internal structure of the ocean. We analyzed the spectrum of these structures29

and confirmed that they are internal waves. Moreover, we resolved the variation of the30

internal wave’s energy spectrum over time, by taking advantage of the time information31

embedded in the three-dimensional seismic data. Further analysis reveals that these internal32

waves were most likely generated by an eddy (a large water vortex) in the Gulf of Mexico,33

when it approached the continental margin. This work provides a powerful tool for studying34

the evolution of internal waves, which would be impossible using traditional, low-resolution35

ocean measurements.36

1 Introduction37

Internal waves, or waves of the ocean interior, play an important role in the mixing and38

transport of freshwater, heat and nutrients in the ocean (Lamb, 2014). Internal waves are39

particularly active at continental margins, as they can be generated at the local continental40

shelf or slope, or generated remotely but reflected off or broken at the continental margins41

(Lamb, 2014). Generation mechanisms for internal waves include tides (Baines, 1982; Zhao42

et al., 2015; Zhang et al., 2017), topography (Stastna, 2011), river plumes (Nash & Moum,43

2005), and other underwater disturbance (Lamb, 2014; Jackson et al., 2012). Due to different44

generation mechanisms, boundary conditions, and reflection angles, internal wave fields at45

the continental slope can be extremely complex. Prior study shows that most ocean vertical46

mixing does not occur in the open ocean, but at continental margins by internal waves47

and their interaction with the seabed topography (Polzin et al., 1997). Thus, understanding48

internal wave fields at continental slopes is the key for understanding vertical mixing and/or49

energy cascades in the global ocean.50

Observing the spatial structure of internal wave fields at the continental slope is very51

challenging. In fact, the reconstruction of mesoscale oceanic structures in three-dimensional52

(3D) would require a very high vertical and horizontal sampling interval of in-situ mea-53

surements, e.g., CTD, XBT casts, mooring. For example, to reconstruct the internal wave54

field over a vast region, multiple one-dimensional vertical profiles would have been sam-55

pled simultaneously from different locations. Such concurrent measurements are difficult56

to conduct and when available, often yield poor lateral resolution (>100 m). Other in-situ57

measurements like underwater gliders (Rudnick et al., 2015) and floats (Furey et al., 2018)58

can be used for internal wave studies but they are limited to small regions. Unlike in-situ59

measurements, remote sensing techniques like satellite and synthetic aperture radar (SAR)60

can image two-dimensional (2D) surface features of internal wave solitons (Guo et al., 2012),61

but cannot investigate weak internal wave fields below the thermoclines which do not pro-62
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duce noticeable surface signature. Other remote methods include the use of high-frequency63

(>100 kHz) echo-sounders or ADCPs to produce high-resolution 2D acoustic image of the64

water column (Badiey et al., 2005), but high-frequency sound scattering is not best option65

for imaging internal waves because it is also subjective to enormous scatterings from mi-66

croscale ocean turbulence and marine biomass (Lavery et al., 2003). Due to the difficulties67

of empirical observation, many studies on internal waves at the continental slope are mainly68

based on theory and/or modeling (Lamb, 2014). Direct observation of deep ocean dynamics69

are challenging and often with limited to low spatial resolutions (Rudnick et al., 2015; Furey70

et al., 2018).71

A new and innovative approach to study mesoscale deep ocean processes is based on72

the use of the water-column portion of multichannel seismic data, generally collected to in-73

vestigate the ocean floor subsurface. Unlike high-frequency acoustic backscattering, seismic74

imaging is based on acoustic reflection of low-frequency (50–200 Hz) airgun signals from75

the water column as a result of acoustic impedance contrast stemming from temperature76

and salinity distribution in the ocean (Nandi et al., 2004). Recent studies show that high-77

resolution images of the ocean water-column structures produced by seismic imaging can be78

effectively used for physical oceanographic studies (Holbrook et al., 2003; Ruddick, 2018).79

This establishes a new cross-discipline known as seismic oceanography (Holbrook et al.,80

2003). With industrial-standard marine seismic surveys, mesoscale water-column structures81

deeper than 200 m, e.g., ocean fronts (Liu et al., 2013; Gunn et al., 2020), eddies (Pinheiro82

et al., 2010), and internal waves (Holbrook & Fer, 2005; Tang et al., 2014) can be imaged83

with a horizontal resolution of 6.25 m and vertical resolution less than 10 m (Ruddick, 2018)84

depending on dominant acoustic wavelength. Seismic oceanography techniques can further85

resolve important ocean parameters such as turbulent and internal wave spectra (Holbrook86

& Fer, 2005; Krahmann et al., 2008; Holbrook et al., 2013; Sallares et al., 2016; Buffett87

et al., 2017; Fortin et al., 2017), diffusivity (Dickinson et al., 2017), geostrophic currents88

(Tang et al., 2014), and invert fundamental seawater parameters (e.g., temperature, salinity,89

density) with high spatial resolution (Papenberg et al., 2010). Recent study even suggested90

that multichannel seismic profiles acquired in 3D configuration also provide spatio-temporal91

information of ocean dynamics which can be useful for time-evolving oceanography studies92

(Zou et al., 2020). Successful applications of 3D seismic data include studying the variation93

of the thermocline in the north Atlantic Ocean due to an anticyclone passing by (Dickinson94

et al., 2020) and investigating oceanic fronts and transient lenses within the South Atlantic95

Ocean (Gunn et al., 2020).96

This work uses 3D seismic imaging to explore the structures and spectra of time-evolving97

internal wave fields at the continental slope in the northern Gulf of Mexico. The 3D seismic98

data capture the transient nature of the internal wave fields, suggesting that local water99

mixing is occurring possibly as a result of the interaction of eddies with the continental100

slope. This wumork provides an effective tool for studying the temporal evolution of deep101

internal waves and the local interaction with the continental slope.102

2 Data and Methods103

2.1 Oceanographic Data104

The study region is at the continental slope of the northern Gulf of Mexico, outside the105

Mississippi River delta (Fig. 1a). In this region of the Gulf, the seafloor depth varies from106

600-1200 m. During the seismic surveys, CTD and XBT casts were acquired to provide107

concurrent in-situ oceanographic measurements to understand the vertical structure of the108

water column. Figure 1b shows the Temperature-Salinity (T-S) diagram based on concur-109

rent CTD measurements collected on October 17, 2002 in our study location. Also labelled110

in the T-S diagram (Fig. 1b) are major types of the water masses in the region, includ-111

ing Caribbean Surface Water (CSW), Subtropical Underwater (SUW), Sargasso Sea Water112

(SSW), Tropical Atlantic Central Water (TACW), Antarctic Intermediate Water (AAIW),113
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Figure 1. Topography and concurrent oceanographic data collected on October 17, 2002 at the

study region in the northern Gulf of Mexico. (a) Map with seabed topography (color) and seismic

survey location (cross). (b) Temperature-Salinity diagram based on concurrent (c) temperature

and (d) salinity profiles. Analysis of (e) temperature gradient; (f) salinity gradient; (g) buoyancy

frequency; and (h) acoustic reflection coefficient for depths of 200-1000 m. Colors in (a) and (b)

represent depth, and background contour in (b) marks the potential density. Major water types

listed in (b) are Caribbean Surface Water (CSW), Subtropical Underwater (SUW), Sargasso Sea

Water (SSW), Tropical Atlantic Central Water (TACW), Antarctic Intermediate Water (AAIW),

and North Atlantic Deep Water (NADW). The solid line in (c) and (d) and the dash line in (e)-(f)

marks the depth of 200 and 715 m, respectively.

and North Atlantic Deep Water (NADW). The additional analysis with historical CTD data114

available in the NOAA database suggests that the T-S characteristics around this region115

remained unchanged over time, especially for water masses with a temperature below 20◦C116

(corresponding to depth below 70 m). In order to make correct oceanographic interpretation117

for our seismic imaging, we analyzed the vertical temperature/salinity profiles, buoyancy118

frequency, and acoustic reflectivity for depths below 200 m (Fig. 1c-h). Results suggest119

that below 200 m, the acoustic reflectivity and buoyancy frequency are highly correlated120

with temperature difference, rather than salinity difference. In fact, the acoustic reflectivity121

are mostly (>99%) contributed by the vertical temperature difference in the water column122

(Zou et al., 2020). Therefore, the seismic intensity in our seismic images can be simply123

interpolated as the vertical temperature gradient. These oceanographic data were also used124

to build a reliable migration velocity model in our seismic data processing, and to provide125

the ground truth for our seismic image interpretation.126

2.2 3D Seismic Data and Processing127

The 3D seismic data used in this study are the water-column portion of a standard 3D128

high-resolution survey collected by Schlumberger WesternGeco for oil and gas exploration129

at the location marked in Figure 1a. The seismic vessel’s sailing lines were run along the130

northwest-southeast direction (azimuth 330◦). The seismic sources used were low-frequency,131

broadband airguns with a main energy band below 250 Hz in a flip-flop configuration. Eight132
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streamers spaced 100 m apart and accommodating 640 hydrophones at 12.5 m intervals were133

used to record the reflected signals. With this acquisition geometry setup, we can image the134

ocean structures with a resolution of 6.25 m along the sailing direction (i.e., inline direction)135

and 25 m perpendicular to that (i.e., crossline direction). While the vertical resolution is136

about 6-7 m can considering the airgun’s central frequency about 60-70 Hz and the speed137

of sound in water about 1500 m/s.138

To obtain a meaningful 3D ocean seismic volume, we have carried out a careful and139

data driven processing workflow because, in principle, the seismic data used are meant to140

target deep subsurface geological structure while water-column reflections are much weaker141

than both the direct wave and the seafloor reflection. Data processing was performed using142

both standard and non-standard techniques and details can be found in Bakhtiari Rad143

and Macelloni (2020). To summarize we developed a processing workflow to optimally144

preserve true amplitude of ocean events and to enhance water-column reflections. Data was145

first filtered to remove all the coherent and not coherent noise. For the imaging process,146

we tested both standard common-midpoint (CMP) and non-standard common reflection147

surface (CRS) staking. The CRS method delivered better results over the CMP method148

and, thus its results were considered for further analysis and interpretation. Finally, the149

data were time migrated and converted to depth using seismic stacking velocities estimated150

from semblance analysis and in situ sound velocity casts. The final result is a 3D seismic151

volume extending for 480 km3 consisting of 821 inline (IL) and 3,463 crossline (XL) images.152

2.3 Resolving Wave Spectrum153

The spatial spectrum of the wave field can be estimated from high-resolution seismic154

images of the water column. The estimation is based on the assumption that seismic cur-155

vatures follow the isopycnals of the water column (Krahmann et al., 2009). Here we resolve156

the spatial spectrum of the internal wave fields, following the analysis techniques established157

in previous studies (Holbrook & Fer, 2005; Krahmann et al., 2008; Holbrook et al., 2013).158

The whole process include two steps.159

The first step is to track all curvatures, representing internal wave fields, in the seismic160

image. Available tracking methods include user-guided amplitude tracking (Holbrook &161

Fer, 2005), cross-correlation (Krahmann et al., 2008), and instantaneous phase angle from162

the Hilbert transform (Holbrook et al., 2013). To improve tracking performance in small163

seismic images, we developed a custom tracking process based on interpolation and peak-164

picking. Here, seismic images are interpolated in the depth axis before tracking to yield a165

better spatial resolution. Then, local peaks of each seismic trace are identified with a small166

moving window. Finally, the local peaks in adjacent traces within a fixed depth window167

(e.g. 5 m) are connected. To further increase the available curvatures, we track both the168

positive (red) and negative (blue) peaks in the seismic images.169

Once the curvatures are tracked, the second step is to estimate the spectra of the170

curvatures. We tested two spectral analysis methods: the Welch method (Holbrook & Fer,171

2005) and the Thomson method (Dickinson et al., 2017), and results from these two methods172

are similar. In this work we followed most studies and used the Welch method to calculate173

the spatial spectra. The final spectra of the wave field is scaled by a factor of (2πkx)2 and174

plotted as a function of horizontal wave number kx.175

2.4 Resolving Temporal Variation176

Resolving the temporal variation from an ocean seismic volume is one of the most177

important advantages for 3D seismic oceanography (Zou et al., 2020). When the ocean is178

sampled by typical oil-industrial 3D seismic surveys, temporal variation will appear in the179

crossline direction (which is perpendicular to the survey vessel’s sailing direction) due to180

the mismatch between the timescales of ocean dynamics and the intervals of seismic surveys181
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(Zou et al., 2020). However, temporal variation is negligible in individual inline images, each182

of which only corresponds to a specific time when the seismic data were collected. Hence,183

a series of 3D seismic inline images can be viewed as temporally sequential snapshots,184

representing the evolution of the water column over time. This idea has been successfully185

applied to study mesoscale variability in the North Atlantic (Dickinson et al., 2020) and the186

ocean fronts in the South Atlantic Ocean (Gunn et al., 2020). Here we use a series of 3D187

inline seismic images (IL #2097-#1937) to resolve the evolution of the internal wave fields188

at the continental slope in the northern Gulf of Mexico during October 2002. More details189

about the temporal analysis of our seismic volume for this study region can be seen in Zou190

et al. (2020).191

3 Results192

A series of seismic images excerpted from our 3D seismic volume (Figure 2) show the193

water-column structures above the continental slope in the northern Gulf of Mexico. These194

images cover water column from 200 m down to the seafloor with seismic intensity represent195

temperature gradients or stratification levels (see Sec. 2.1). We observed that the water196

column was featured with highest amplitudes at 200-400 m, and lowest amplitudes at the197

bottom, suggesting the temperature gradient (and stratification) are strongest at 200-400198

m depths, and weakest at the bottom, agreeing with the concurrent CTD data (see Figure199

1e). Cross referencing these structures with concurrent CTD data and T-S diagram (Figure200

1c), the corresponding water types can be identified. The highly-stratified 200-400 m water201

corresponds to 18◦C Sargasso Sea Water (SSW), dominated by the Loop Currents. The 500-202

900 m water, which is less stratified with individual distinctive wave fields, corresponds to203

the Antarctic Intermediate Water (AAIW). The water beyond 900 m with little stratification204

corresponds to the North Atlantic Deep Water (NADW). The imaged seafloor ranging from205

800-1000 m (with a slope of 1.9◦) also matches with the topography data in this region.206

These preliminary analyses suggest that our seismic imaging is accurate and successfully207

captures the water-column structures in this region.208

These sequential seismic images (Figure 2) also demonstrate the temporal evolution of209

the water column during October 20-27, 2002. The adjacent images here are only 0.4 km210

apart spatially, but 10-24 hrs apart temporally, according to the seismic data records (listed211

on top of each plot in Fig. 2). Notice that the 0.4-km lateral location difference is almost212

negligible, especially compared to the length scales of mesoscale ocean dynamics (> 10 km)213

(Talley et al., 2012). Hence, these images can be interpreted as the evolution of water214

column over time. From this perspective, the water column in this region was transitioning215

from a highly stratified one (with strong seismic layers) during October 20-21 (Fig. 2a-c)216

to less stratified one (with broken or weaker seismic layers) during October 22-27 (Fig. 2d-217

i). This analysis suggests that our seismic images successfully capture a drastic change in218

stratification of the water column, suggesting a mesoscale ocean process had occurred in219

this region.220

More interestingly, we observed strong seismic reflections actively present at the depths221

of 600-900 m. Usually, at these depths, the temperature difference should be small due to low222

acoustic impedance contrasts in the deep ocean. However, these reflections are associated223

with the noticeable increase of temperature difference at the depth of 700 m (Fig. 1e),224

leading to increased acoustic reflectivity (Fig. 1h). We observed that, the curvatures of225

these seismic reflections span over a lateral distance up to 10 km with various slopes up226

to 1.5◦ (less than the 1.9◦ seafloor slope). Meanwhile, these wave fields are highly time-227

varying. The temporal scale of the wave fields must be smaller than 10 hours, which is the228

sampling interval in the crossline direction. Considering the study region, length scale, and229

time scale, such dynamic wave fields are most likely internal waves, demonstrating their230

interaction with the continental slope in the northern Gulf of Mexico.231
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Figure 2. Seismic inline images (ILs #2097-1969) that capture the temporal evolution of the

water column (200-1000 m) above the continental slope. The inline number and the data acquisition

time are noted on the top. The seafloor has a slope of 1.9◦.

To confirm the observation of internal waves, we analyzed the spatial spectra of the232

wave fields at 600-900 m, following the method described in Sec. 2.3. Figure 3a shows the233

original seismic images for three seismic inlines (ILs #2049, #2033, #2017). Due to the234

polarity of sound waves, the positive (red) and negative (blue) curvatures represent the same235

wave field. Therefore, to include more wave curvatures for spectral analysis, we tracked both236

positive and negative curvatures, and results are shown in Figure 3b. The comparison of237

Fig. 3a-b suggests that our tracking method successfully extracts the curvature of the wave238

fields, providing a clean wave curvature for spectral analysis. Finally, Figure 3c shows the239

averaged spatial spectra for the wave curvatures longer than 800 m at 600-900 m. Here240

the spectra were scaled by a factor of (2πk)2 for a quick visual distinction between internal241

waves and turbulence. Theoretically, the internal waves are with a characteristic slope of242

-1/2, while the turbulence with slope of 1/3 (Holbrook et al., 2013; Dickinson et al., 2017).243

In Fig 3c, we observed that all these spectra displayed the same spectral slope, -1/2 (marked244

as gray curve), representing the characteristic slope of internal waves. The internal wave245

subrange is from 10−3 cpm to 10−1 cpm. Three inlines show slightly different wave energy246

levels. This spectral analysis confirms the observation of internal waves fields in our seismic247

images, and the spectral variation suggests a change in internal wave energy between these248

three inlines.249

Finally, we demonstrated the evolution of the internal wave fields during October 20-29250

by applying the spectral analysis to the whole inline series (ILs #2097-1969, Fig. 4). The251
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Figure 3. Spectral analysis of wave curvatures (at 600-800 m) in seismic images (ILs #2049,

#2033, #2017). (Top) Original seismic images (with inline and time marked on top). (Middle)

Extracted positive (red) and negative (blue) seismic curvatures. (Bottom) The positive (red), nega-

tive (blue) and average (black) slope spectra estimated from tracked curvatures. The characteristic

internal wave slope (-1/2) is marked by the grey curve.

observation of internal waves during the whole period is confirmed from the slope view of252

the wave spectra (Fig. 4a), which displays the same -1/2 internal wave slope (black curve).253

Meanwhile, a temporal view of the same wave spectra is shown in Fig. 4b, in which the254

wave spectra were interpolated and plotted as a function of time. This temporal view of the255

spatial wave spectra illustrates the temporal evolution of the internal wave fields’ spectral256

energy during October 20-29, 2002. We observed that the internal wave energy decreased257

to a minimum on October 22, gradually increased and reached a maximum on October 26.258

This increased internal wave energy may imply an intensified water mixing and a decrease259

of water-column stratification. Our spectral analysis of the whole inline series provides a260

spatio-temporal picture of the evolution of the internal wave fields’ energy for understanding261

the local ocean dynamics.262

4 Discussion263

Our results shed a light on the mesoscale ocean dynamics and the generation mechanism264

of the internal wave fields in this region. One one hand, our seismic images show a drastic265

change in the vertical structure of the water column with reduced stratification (Fig. 2),266

implying a mesoscale oceanographic process occurred in this region that had increased the267

vertical mixing. On the other hand, our temporal view of the wave spectra shows intensified268

internal wave energy during the same period (Fig. 4), also suggesting increased vertical269

mixing. Given this coincidence, it is possible that the mesoscale ocean process occurring in270

this region generated these internal waves, which increased the water mixing and eventually271
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Figure 4. The evolution of the spectrum of deep internal waves during October 20-29, 2002.

(a) Slope view. (b) Temporal view (interpolated). The solid black curve marks the internal wave

characteristic slope. The color code represents the slope spectral amplitude in logarithmic scale.

The spectra are for the waves deeper than 500 m. The inline number is denoted on the top. (c)

Weekly satellite images of sea surface height anomaly (color) with surface geostrophic currents

(arrow) during October 16-30, 2002.

changed the water-column stratification. Here we discuss possible ocean dynamics and272

generation mechanisms for the internal wave fields observed in our seismic imaging.273

The water dynamics in this region of the Gulf is mainly dominated by the Loop Currents274

and the Mississippi River outflows (Coleman, 1988; Sturges & Lugo-Fernandez, 2005). Possi-275

ble mesoscale oceanographic processes that may occur in this region include river plumes due276

to the Mississippi River discharge (Lohrenz et al., 1997), oceanic fronts along the Louisiana-277

Texas continental shelf (Belkin et al., 2009), eddies and meanders due to Loop Currents278

(Rudnick et al., 2015), and internal waves and flows above the continental slope (Rubenstein,279

1999; Dickinson et al., 2017). Possible mechanisms that can generate internal waves in this280

region include tides (Lamb, 2014), river plumes (Nash & Moum, 2005), and eddies (Clément281

et al., 2016). Preliminary examination of the dimensional scales of these processes suggests282

that all these dynamics can be observed (fully or partially) by seismic reflection imaging283

techniques.284

Among these possible dynamics, the internal wave fields seen in our seismic imaging285

were most likely generated by eddies, rather than tides or river plumes. Tidal dynamics are286

mainly associated with semidiurnal or diurnal cycles (12 or 24 hrs), but our spectral analysis287

(Fig. 4b) suggests that the generation source demonstrated a temporal pattern longer than288

eight days (October 20-27, 2002), way beyond main tidal cycles. Mississippi River plumes are289

often restricted to the continental shelf due to the seasonal-shifting eastwards or westwards290

along-shelf surface currents, and have little impact on the depths below the thermoclines291

(Walker, 1996; Schiller et al., 2011). For these reasons, internal waves in this case are most292

likely generated by eddies. Cyclonic and anticyclonic eddies, prevalent in the Gulf and293

associated with a variety of timescale from several days to months, can generate internal294
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waves when interacting with the continental slope (Hamilton & Lee, 2005). To further295

confirm the presence of eddies during the seismic survey, we analyzed the historical satellite296

data. Figure 4c shows the weekly satellite images for sea surface height anomaly along with297

estimated surface geostrophic currents, suggesting that there was a strong cyclonic frontal298

eddy (Loop Current Frontal Eddy, LCFE) approaching our seismic region during the week299

of October 25, 2002.300

Based on these analyses, the possible dynamics and mechanisms are explained as fol-301

lows. The Loop Currents create omnipresent cyclonic and anticyclonic eddies moving north-302

ward and eastward in the Gulf. When eddies approach the northern continental margin,303

they start to interact with the seafloor topography, generating internal waves at the con-304

tinental slope. This process converted the mesoscale eddy energy to submesoscale internal305

wave energy, increased the vertical water mixing, and reduced the stratification of the water306

column. Particularly in our study region, the generated internal waves were likely to be307

focused by the V-shaped Mississippi Canyon, causing internal waves to reflect off or break308

near the continental slope (Hotchkiss & Wunsch, 1982; Ross et al., 2009). Hence, our seismic309

images (Fig. 2) and spatio-temporal spectra (Fig. 4) in this work demonstrate the complex310

process of the interaction between eddies, internal waves, and the continental slope, as well311

as the mechanisms of wave generation, reflection and breaking.312

5 Conclusions313

In this letter, we presented seismic images and spectra to illustrate temporal evolution314

of internal wave fields at the continental slope in the Gulf of Mexico over ten days. Our315

analysis suggested that these internal waves were most likely generated by the interaction of316

eddies with the continental slope, including various mechanisms like generation, reflection317

and breaking of internal waves. This work showcases the power of 3D seismic oceanography,318

and provides an effective tool to study the temporal evolution of deep ocean dynamics. The319

internal wave fields’ spatio-temporal spectra resolved in this work cannot be resolved from320

2D seismic imaging due to the lack of temporal variation, or from traditional oceanographic321

measurements due to their low lateral spatial resolutions. Our future 3D seismic oceanog-322

raphy research will focus on using the 3D seismic reflection imaging to understand complex323

water dynamics in the Gulf of Mexico.324
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