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Abstract

6 Key Points 7 * Variability of diurnal and semidiurnal internal tides within a mesoscale warm eddy is 8 detected via virtual-

moored single-glider observations. 9 * Diurnal internal tides’ vertical structure changes noticeably for vertical displacement and

10 available potential energy when moving away from the eddy center. 11 * The vertical structure of diurnal internal tides within

a mesoscale eddy varies with Abstract 15 Internal waves are ubiquitous ocean features that significantly contribute to diapycnal

mixing, 16 and their modulation by mesoscale eddies is crucial to understanding their propagation and 17 dissipation. From an

experiment as a pilot program of the Slocum glider for virtual-moored 18 profiling in a mesoscale eddy, a unique conductivity-

temperature-depth (CTD) dataset was 19 obtained and used in this study for examining modulated internal waves within the

eddy center. 20 Internal tide variability is detected within the eddy, where diurnal internal tides (DITs) 21 overwhelm other

frequency internal waves. DITs’ vertical structures change dramatically for 22 vertical displacements and available potential

energy (APE), depending on horizontal positions 23 near the eddy center. The observed behavior of DITs’ low vertical

wavenumbers indicates a 24 cascade of energy from low to high modes, likely due to the hierarchy of wave-eddy interactions. 25

Especially, distinct behavior near the eddy’s inner and outer centers indicate different interaction 26 strengths on each regime.

27 Plain Language Summary 28 In this work, actively targeted CTD measurements within a mesoscale eddy were conducted

29 using a single Slocum glider. First, the virtual-mooring mode of a glider was successfully 30 controlled within a 720 m

root-mean-square (RMS) around the waypoint and yielded a reliable 31 dataset to capture the internal tide variations. Second,

based on the gridded version of raw data in 32 a 1 h and 1 m vertical resolution, diurnal and semidiurnal internal tides are

observed in the 33 bandpassed time-depth isothermal displacement maps. Third, the vertical structure of vertical 34 isothermal

displacements, as well as the vertical distribution of available potential energies, 35 shows a varying pattern depending on

horizontal positions near the eddy center. It is more 36 variable in the inner center and less variable in the outer center. Lastly,

there appears a weak clue 37 of energy-cascading behavior from low to higher modes for spectral behavior of low vertical 38

manuscript submitted to Geophysical Research Letters wavenumbers computed during the observation, indicating that the

nonlinear interactions among 39 the waves and the eddy have different strengths in the inner and outer centers: strong in the

inner 40 center and weak in the outer center. 41
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Key Points 7 

• Variability of diurnal and semidiurnal internal tides within a mesoscale warm eddy is 8 

detected via virtual-moored single-glider observations. 9 

• Diurnal internal tides’ vertical structure changes noticeably for vertical displacement and 10 

available potential energy when moving away from the eddy center. 11 

• The vertical structure of diurnal internal tides within a mesoscale eddy varies with 12 

distance from the eddy center. 13 

 14 

Abstract 15 

Internal waves are ubiquitous ocean features that significantly contribute to diapycnal mixing, 16 

and their modulation by mesoscale eddies is crucial to understanding their propagation and 17 

dissipation. From an experiment as a pilot program of the Slocum glider for virtual-moored 18 

profiling in a mesoscale eddy, a unique conductivity-temperature-depth (CTD) dataset was 19 

obtained and used in this study for examining modulated internal waves within the eddy center. 20 

Internal tide variability is detected within the eddy, where diurnal internal tides (DITs) 21 

overwhelm other frequency internal waves. DITs’ vertical structures change dramatically for 22 

vertical displacements and available potential energy (APE), depending on horizontal positions 23 

near the eddy center. The observed behavior of DITs’ low vertical wavenumbers indicates a 24 

cascade of energy from low to high modes, likely due to the hierarchy of wave-eddy interactions. 25 

Especially, distinct behavior near the eddy’s inner and outer centers indicate different interaction 26 

strengths on each regime. 27 

Plain Language Summary 28 

In this work, actively targeted CTD measurements within a mesoscale eddy were conducted 29 

using a single Slocum glider. First, the virtual-mooring mode of a glider was successfully 30 

controlled within a 720 m root-mean-square (RMS) around the waypoint and yielded a reliable 31 

dataset to capture the internal tide variations. Second, based on the gridded version of raw data in 32 

a 1 h and 1 m vertical resolution, diurnal and semidiurnal internal tides are observed in the 33 

bandpassed time-depth isothermal displacement maps. Third, the vertical structure of vertical 34 

isothermal displacements, as well as the vertical distribution of available potential energies, 35 

shows a varying pattern depending on horizontal positions near the eddy center. It is more 36 

variable in the inner center and less variable in the outer center. Lastly, there appears a weak clue 37 

of energy-cascading behavior from low to higher modes for spectral behavior of low vertical 38 
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wavenumbers computed during the observation, indicating that the nonlinear interactions among 39 

the waves and the eddy have different strengths in the inner and outer centers: strong in the inner 40 

center and weak in the outer center. 41 

1 Introduction 42 

Internal waves oscillating in the stratified fluid interior are prevalent in the ocean and 43 

play various roles in modulating the ocean environment. Internal waves with tidal frequency are 44 

called internal tides (ITs), mostly generated via barotropic tide-bathymetry interactions. Recent 45 

research has revealed IT characteristics and roles, such as contributing to diapycnal mixing in the 46 

deep ocean (Egbert & Ray, 2000; Munk & Wunsch, 1998; Wunsch & Ferrari, 2004) and 47 

transporting considerable amounts of energy over hundreds to thousands of kilometers from the 48 

generation site (Alford, 2003; Tian et al., 2003). 49 

Most ITs are unpredictable in their long-range propagation because of frequent 50 

encounters with currents and eddies ubiquitous in oceans, varying ITs’ propagation speed and 51 

direction (Alford et al., 2012; Nash et al., 2012; Kerry et al., 2014). Particularly, mesoscale 52 

eddies are critical in modulating ITs. These mesoscale eddies are energetic swirling nonlinear 53 

circulations with horizontal scales on the order of 100 km and timescales on the order of a 54 

month, typically detected by composite satellite observations on spatial variations in sea surface 55 

height (SSH) (Chelton et al., 2007). 56 

Observational studies and numerical simulation analyses have been conducted on the 57 

influence of mesoscale eddies on ITs. Nash et al. (2012) reported that ITs over the New Jersey 58 

shelf were incoherent and largely unpredictable, possibly due to eddies in their path. Kerry et al. 59 

(2014) demonstrated that the location of eddies influenced the spatial pattern of IT propagation 60 

near the Luzon Strait. Dunpy and Lamb (2014) numerically showed that the energy flux of ITs 61 

was produced in beam-like patterns through a barotropic eddy, whereas passing a mode-one IT 62 

through a mode-one baroclinic eddy, scattered energy from the incident mode-one to mode-two 63 

and higher. Using a mathematical model, Lelong and Riley (1991) demonstrated that wave-64 

wave-vortex triad interactions could be found between two equal-frequency waves and one 65 

vortex and that the vortex acted as a catalyst to facilitate energy transfer between two wave 66 

modes. 67 

Along with those theoretical and analytical studies, there were observations based on 68 

moorings and ship-based data to prove IT modulations by eddies (Huang et al., 2017 & 2018). 69 

Mooring platforms provide suitable temporal resolutions but have limited spatial information in 70 

sampling internal wave fields, whereas gliders enable additional internal wave characterization 71 

with a better spatial resolution and time and cost-efficiency. In glider implementations, several 72 

employed approaches exist, such as virtual-mooring (VM), along-shore transects, across-shore 73 

transects, and a zig-zag flight across the wavefronts. In this work, to examine internal wave 74 

variability within a mesoscale warm eddy, a virtual-mooring approach is implemented. 75 

Therefore, a single Slocum glider actively moved to a target eddy (Figure 1b) located at 76 

21.03°N and 131.25°E, and repeatedly profiles to an 800 m depth on an average of 0.3 m/s 77 

(Figure 1d). This study region is approximately 1000 km apart, eastward from Luzon Strait, an 78 

energetic IT generation site. From recent observations (Rainville et al., 2013), significant energy 79 

fluxes propagated from the Luzon Strait into the western Pacific for diurnal ITs (DITs) and 80 

semidiurnal ITs (SITs), compatible with the results of numerical models (Niwa & Hibiya, 2001). 81 

Furthermore, the K1 and O1 ITs propagated over a long distance of approximately 2500 km 82 
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(Zhao, 2014). From these results, ITs generated at the Luzon Strait propagate into our study 83 

region and are modulated due to background current and eddy interactions on their propagation 84 

path. In this study, the characteristics of vertical displacements associated with modulated ITs 85 

within a mesoscale eddy are examined based on in-situ conductivity-temperature-depth (CTD) 86 

measurements using a Slocum glider with a suitable station-keeping performance (Figure 1c). 87 

 88 

 89 

Figure 1. (a) Map of sea surface height (SSH) over the northwestern Pacific, including target 90 

spot (white cross in the white box), surrounded by warm and cold eddies of variable scale. The 91 

black dots indicate the path of R/V ISABU along which the conductivity-temperature-depth 92 

(CTD) profiles are obtained. Note that the eddy is approximately 1000 km from the energetic 93 

region of the Luzon Strait. (b) The white box of (a) is enlarged, where the SSH was obtained on 94 

September 11. A glider has moved to the eddy center along the path indicated by the blue dots. 95 

(c) The white box of (b) is enlarged. A glider was well controlled to surface within 720 m RMS 96 

around the waypoint, resulting in a dependable virtual-mooring mode. (d) The underwater 97 

trajectory during a single dive of the Slocum glider attempting to hold the station at the target 98 

spot; dive (blue line) and climb (red line). Spiraling motion with a small radius is well 99 

maintained, except for the subsurface dive due to drift by the surface current. 100 

 101 
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2 Observations and Methods 102 

2.1 Measurements 103 

A Slocum glider is an autonomous underwater vehicle, actively moving to targeted 104 

locations and occupying controlled spatial and temporal grids. The glider moves horizontally and 105 

vertically by altering buoyancy and carries a suite of sensors measuring CTD, dissolved oxygen, 106 

and chlorophyll-a fluorescence. In this study, a single Slocum glider repeatedly profiled from the 107 

surface to an 800 m depth in a virtual-mooring mode took on average 2.8 h to complete one 108 

cycle and yielded profiles with high vertical and irregular time resolutions from 1.4 h in midpoint 109 

to 2.8 h at the top and bottom (Figure 1d). During the cycle, the glider dives and climbs, making 110 

a spiral motion with a small radius (Figure 1d), where the trajectory was estimated from the 111 

glider’s vertical velocity and heading information. When climbing, the glider is drifted due to 112 

ambient horizontal currents. Up-casts are better at the holding position than down-casts (Figure 113 

1d), but there is no difference between them regarding the gridded version of raw data (Figures 114 

4-c, d, and S1). The Slocum’s rudder-based steering, with a radius smaller than 20 m when 115 

rotated by180°, enhanced the station-keeping performance, resulting in the 720 m RMS of the 116 

glider’s surfacing spots from the waypoint (Figure 1c) and making no impact on vertical water 117 

properties with scales larger than several meters. 118 

The glider was deployed from the research vessel ISABU at 20.71°N and 131.11°E on 119 

September 8, 2018, and actively traveled from the surface to as deep as 800 m in a sawtooth 120 

pattern, 42 km northeast from the deployment site to our target while recording the CTD 121 

measurements (blue dots in Figure 1b). The target is a mesoscale warm eddy center, identified 122 

using level 4 SSH satellite data from the Copernicus Marine Environmental Monitoring Service 123 

(CMEMS: https://marine.copernicus.eu/access-data). At the eddy center (the white box in Figure 124 

1b), from September 10 to 19, 2018, the glider was operated in a virtual-mooring mode, 125 

collecting CTD profiles with a sampling frequency of 4 Hz, resulting in a vertical resolution of 126 

on average 0.5 m. During observations, the eddy slowly traveled northward (Figure 2), allowing 127 

the glider to naturally scan the eddy center horizontally and vertically. 128 

Raw data have irregular vertical/temporal sampling intervals due to variations in 129 

upward/downward speeds of a moving glider due to background currents. Thus, they are gridded 130 

to 1 m vertical and 1 h temporal resolutions by linear interpolation. Then, a boxcar filter of 10 m 131 

smooths the gridded space-time series to capture internal wave variations at diurnal and 132 

semidiurnal frequencies. 133 

 134 
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 135 
Figure 2. Contour map of SSH data (m), showing a moving mesoscale warm eddy during the 136 

virtual-moored glider mission; the glider (black dot) scanned the vicinity of the inner-core from 137 

Sep. 9 to Sep. 13 (top panels), and the outer-core vicinity from Sep.14 to Sep.18. 138 

 139 

From the research vessel (R/V) ISABU migrating across the mesoscale warm eddy from 140 

September 4 to 7, 2018 (see the purple box in Figure 1a), CTD profiles were collected using the 141 

Sea-Bird Electronics (SBE) 911 plus system. Measurements were obtained during up- and down-142 

casts, but here, only the down-cast data were used to depict transects of temperature variability 143 

(Figure 3a). All instruments were calibrated before deployment, and data were processed 144 

according to manufacturers’ specifications. 145 

2.2 Mesoscale warm eddy 146 

Due to the lack of observational information for the eddy’s 3D structure, the eddy’s 147 

spatial scales were approximately estimated to be horizontal ~150 km and vertical ~400 m, based 148 

on CTD observations of the R/V ISABU (Figure 3a). From the estimations, we divide the 149 

observed water column (~800 m) into two layers—the upper (down to 400 m) and lower (from 150 

400 m down to 800 m). Because the eddy migrated northward during the glider mission, glider 151 

observation naturally enables high-resolution cross-section scans of the eddy (Figure 2). As a 152 

proxy characteristic indicating the eddy’s horizontal structure, the relative vorticity was 153 

calculated from real-time satellite SSH data via geostrophic balance equations (Figure 3b). 154 

Variations of the relative vorticity during the observation period show an abrupt increase 155 

between Sep. 14 and 15. Thus, the eddy is horizontally divided into two domains, the inner and 156 

outer center, based on the relative vorticity behavior, depending on the distance from the eddy 157 
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center. Note that this relative-vorticity-based horizontal structure of the eddy, although being 158 

arbitrarily constructed, coincides well with variations of isothermal vertical displacement DIT 159 

patterns (Figure 4c). 160 

 161 

Figure 3. (a) The horizontal-vertical map of temperature variations along with isothermal curves 162 

obtained from CTD observations of the R/V ISABU represents the spatial structure of the eddy, 163 

and the bottom of the eddy reaches a depth of 400 m. (b) The vorticity at the glider position was 164 

calculated using satellite SSH data; variations of the vorticity regarding the distance from the 165 

eddy center is noticeable, especially with an abrupt rise on Sep. 14, indicating a transition. 166 

 167 

2.3 Vertical displacements 168 

To investigate the behavior of ITs within the eddy, vertical displacements are defined and 169 

used for analysis. The vertical displacement is calculated using η(z, t) = [𝑇(𝑧, 𝑡) − �̅�(𝑧, 𝑡)]/170 

𝑇�̅�(𝑧, 𝑡) based on the glider CTD measurements. Here, T(z, t) denotes the gridded temperature 171 

measurements, and �̅�(𝑧, 𝑡) is the background temperature calculated from averaging T(z, t) 172 

over the entire observation period. The �̅�𝑧(𝑧, 𝑡) is the temperature gradient of �̅�(𝑧, 𝑡); that is, 173 

�̅�𝑧(𝑧, 𝑡) ≡ 𝜕�̅�(𝑧, 𝑡)/𝜕𝑧. 174 

We first estimated the power spectral density (PSD) of 10°C and 20°C isothermal 175 

vertical displacements corresponding to depths of 230 m and 550 m, respectively, using the 176 

PWELCH estimation of 50% overlapping segments with a size of 128. DIT is observed to 177 

dominantly occupy the vertical displacement variation outside the eddy, although a noticeable 178 

SIT contribution occurs inside the eddy (Figure 4b). This behavior means that ITs dominantly 179 

contribute to vertical displacements. Thus, displacements associated with DITs and SITs are 180 

isolated via a fourth-order phase-preserving Butterworth bandpass filtering, with a central 181 

frequency at 1 cpd and a half cpd with a bandwidth of 1/3 cpd. 182 

For examining variations of the vertical IT structure, the wavenumber-frequency spectra 183 

were estimated for depth-time vertical displacements—the entire domain and inter/outer 184 

domains, respectively. S2 shows the wavenumber-frequency spectra for inner/outer domains. For 185 

the comparison with the Garret–Munk spectra model (GM76), we separately projected the 186 

wavenumber-frequency spectra onto frequency (S3) and wavenumber domains (S4); here, the 187 

frequency spectra are computed over the entire wavenumber bandwidth (S3), whereas the 188 
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wavenumber spectra are computed over the selected DIT bandwidth (S4). Note that the power-189 

law slope shows a robust behavior in the wavenumber domain, whereas the frequency domain 190 

shows a different behavior of the power-law slope, depending on the horizontal position near the 191 

eddy center. 192 

2.4 Wentzel–Kramers–Brillouin (WKB) scaling 193 

The glider observation depth reaching 800 m is too shallow compared to the water 194 

column’s full depth reaching as deep as 5000 m. However, by accounting for the strong 195 

stratification near the surface, the depth and amplitude can be effectively scaled (Rainville et al., 196 

2013). Typically, the depth-varying stratification intensifies horizontal velocity, energy density, 197 

and energy density flux near the surface where stratification is strong, whereas isothermal 198 

displacements are amplified in deep water where stratification is weak. Thus, the depth 199 

coordinate is stretched to emphasize the subsurface layer with strong stratification, and the 200 

amplitudes are scaled according to WKB normalization (Althaus et al, 2003; Huang et al., 2017) 201 

to obtain a description of IT’s vertical structure without the complicated influence of variable 202 

stratification. The scaled vertical displacement and stretched-depth coordinates are given as 203 

η̂(z, t) = η(z, t)√
�̅�(𝑧)

𝑁0
        (1) 204 

and 205 

ẑ = ∫
�̅�(𝑧′)

𝑁0
𝑑𝑧′

0

𝑧
,         (2) 206 

where the caret denotes the WKB-scaled value, N̅(z) is the time-mean measured buoyancy 207 

frequency, and N0 = 7.40 × 10−3 is a constant reference buoyancy frequency based on the 208 

depth-average buoyancy frequency from our observations. In this stretched coordinate system, 209 

the bottom is shallower than in reality. This scaling is equivalent to convert the ocean to one of 210 

constant stratification, where the vertical column domain corresponds to ⁓26% of the stretched 211 

water column, H𝑊𝐾𝐵 = 3100 m. Therefore, although the glider observations are collected only 212 

to the top 800 m, they effectively sample up to a quarter of the density range, enough to cover 213 

the eddy structure. 214 

2.5 APE 215 

In this study, DIT and SIT energies are computed following the procedure of previous 216 

studies (Nash et al., 2005; Zhao et al., 2010). Due to the limitation of glider observations, 217 

restricted to CTD profiles, we only consider the depth-integrated APE, calculated using 218 

𝐴𝑃𝐸(𝑡) = ∫ 𝑎𝑝𝑒(𝑧, 𝑡)𝑑𝑧
0

−𝐻
=

1

2
∫ 〈𝜌(𝑧, 𝑡)𝑁2(𝑧, 𝑡)𝜂2(𝑧, 𝑡)〉𝑑𝑧

0

−𝐻
,   (3) 219 

where 𝜌(𝑧, 𝑡) denotes the water density calculated using TESO 2010 (McDougall & Barker, 220 

2017) from the CTD data, H denotes the water depth (here, the glider observation depth is used), 221 

and the angle bracket denotes an average over one diurnal tidal cycle. 𝑎𝑝𝑒(𝑧, 𝑡) is the spot 222 

APE. The 𝑁2(𝑧, 𝑡) is the squared buoyancy frequency calculated from the potential density 223 

smoothed by a 2-day sliding window. For DIT and SIT, the corresponding displacements η(z, t) 224 

are isolated via bandpass filtering (Section 2.4). 225 
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To examine the characteristics of ITs modulated via interactions among ITs and a 226 

mesoscale eddy, we examined the vertical distributional pattern of APEs using the ratio of APE 227 

over depth, defined as 228 

𝐴𝑃𝐸𝑟(𝑡) = ∫ 〈𝜌(𝑧, 𝑡)𝑁2(𝑧, 𝑡)𝜂2(𝑧, 𝑡)〉𝑑𝑧
0

−ℎ
/ ∫ 〈𝜌(𝑧, 𝑡)𝑁2(𝑧, 𝑡)𝜂2(𝑧, 𝑡)〉𝑑𝑧

0

−𝐻
, (4) 229 

where ℎ denotes the bottom depth of a warm eddy, approximately equal to 400 m. The ratio 230 

APEr describes how APEs in the upper layer vary depending on the horizontal position near the 231 

eddy center (Figure 5). This can be a clue to the intensity of interactions between ITs and 232 

mesoscale eddies. 233 

3 Observational Results 234 

3.1 Vertical displacements 235 

In the spectral analysis of two isotherms (20°C and 10°C), with WKB-scaled depths of 236 

330 m and 625 m (Figure 4b), a great peak is observed at the DIT frequency for both. Especially, 237 

a noticeable peak at the SIT frequency for 20°C could be due to the second harmonics 238 

generation, a result of various wave-wave interactions excited (Dunphy & Lamb, 2014). 239 

According to the glider-based observation study (Rainville et al., 2013), similar DIT and SIT 240 

energy fluxes are observed to propagate into the WP near the LS. However, from Figure 4 b–d, 241 

DIT rather than SIT dominantly contributes to the vertical displacements associated with internal 242 

waves. This noticeable weakness in SIT compared to DIT in our study region is consistent with 243 

satellite altimeter observations (Zhao, 2014), although there is yet no plausible reason to support 244 

this observation. When restricted to the isotherm for 20°C, SIT is comparable to DIT regarding 245 

PSD (Figure 4b). This behavior could be due to harmonics generations via wave-wave-vortex 246 

triad resonance (Dunpy & Lamb, 2014). 247 

Amplitudes of DIT vertical displacement are weaker in the upper layer of less than 400 m 248 

than in the lower layer deeper than 400 m (Figure 4c), whereas SIT shows more complicated 249 

variability (Figure 4d). This behavior could be due to nonuniform stratification (stronger 250 

(weaker) stratification in the upper (lower) layer), and partly due to wave-vortex interactions 251 

within the eddy. Also, the strong to weak variation of vertical displacements is observed in the 252 

lower layer over the entire duration, indicating a fortnight cycle in DIT (Figure 4c). 253 

 254 
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 255 

Figure 4. (a) The depth-time map of WKB-scaled isothermal displacements is depicted 256 

with isotherms corresponding to 29°C, 25°C, 20°C, 15°C, 10°C, and 6°C, where two white lines 257 

indicate 20°C and 10°C. (b) The power-spectrum of vertical displacements of two isotherms 258 

correspond to 20°C and 10°C, respectively. DIT dominates in the lower layer, whereas SIT is 259 

more pronounced in the upper layer rather than in the lower layer, probably due to a second 260 

harmonics generation within a mesoscale eddy. (c) Diurnally bandpassed isothermal 261 

displacements are depicted, showing a phase discrepancy between the upper and lower layers at 262 

the eddy center and gradually becoming in-phase away from the center. (d) Semi-diurnally 263 

bandpassed vertical displacements show a complex pattern in magnitudes and phases. 264 

3.2 Characteristics of APE 265 

Energy transfer between the vertical modes of internal waves via their interaction with 266 

mean fields and mesoscale eddies, such as resonant triad interactions (McComas & Bretherton, 267 

1977), is a critical issue as an energy-cascading mechanism that converts huge barotropic tidal 268 

energy into baroclinic ITs and finally dissipates the large-scale energy into smaller scales, 269 

leading to various vertical mixings. 270 

We first computed the integrated APE for bandpassed ITs, say DIT and SIT, by following 271 

procedures described in Section 2.6, and Figure 5 shows their variations with time. First, the 272 

smooth up-down variations of APE for DIT (Figure 5a) could be due to a fortnight rhythm. 273 

Second, to examine the vertical APE distribution near the eddy center, we used the APEr defined 274 

in Eq. (4) by setting ℎ = 400 m, assuming that the eddy has a strong impact on ITs in the layer 275 

above ℎ = 400 m. DIT shows a dramatic change over inner and outer centers (Figure 5b), 276 

indicating that APEs (magnitude of vertical displacements) are focused on the lower layer (weak 277 

vortical fields) during staying in the inner center. However, SIT shows a different behavior by 278 

being relatively uniformly distributed over the water column during moving from the inner to 279 

outer centers (Figure 5b). This focusing DIT behavior indicates an unclear mechanism 280 

underlying the interactions between internal waves in our restricted dataset. 281 
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 282 

 283 

Figure 5. The top panel shows available depth-integrated APEs. (a) APEs of total internal waves 284 

(TIW), DIT, and SIT are shown for the entire glider observation period. (b) APE ratios (APEr) of 285 

the upper layer (eddy) to the entire water column are plotted during the same period. A cyan 286 

broken-line box denotes the pre-VM interval during which the glider moves in a zig-zag manner 287 

to a target station, and the purple box denotes the eddy center (target) under VM measurements. 288 

In the bottom panel, 24-h averaged PSDs of vertical DIT wavenumbers are shown. (c) PSDs of 289 

the two lowest vertical wavenumbers are plotted over the virtual mooring duration, along with 290 

the ratio (right y-axis). (d) PSDs of the four lowest vertical wavenumbers are plotted, along with 291 

the ratio. 292 

A direct investigation of energy cascades among vertical modes is possible in numerical 293 

simulation analysis (Dunphy & Lamb, 2014), where a sole coherent SIT is incident on the eddy 294 

of a well-known structure. However, it is challenging to be conducted based on in-situ 295 

measurements because of the lack of information on the eddy’s 3D structure and wide 296 

bandwidths of incoming internal waves. Especially, it becomes harder using limited datasets, 297 

such as glider observations. Thus, we take an alternative approach to examine the frequency 298 

spectra structures for low vertical wavenumber bandwidths using the vertical wavenumber 299 

spectral estimations, calculated for diurnally bandpassed 1-h gridded vertical displacements 300 

(DIT) during the entire observation. Then, by averaging those PSDs over 24 h in a 301 

nonoverlapping manner, we obtained diurnal wavenumber spectral estimates. Here, the four 302 

lowest vertical wavenumbers are chosen and examined for energy-cascading behavior, 303 

depending on positions near the eddy center. From Figures 5 c and d, the summed variance at the 304 

four lowest vertical wavenumbers of DIT varies from large to small, similar to a fortnight IT 305 

rhythm. For the distribution of variance over the four lowest wavenumbers, the contribution of 306 

the first-lowest wavenumber increases as it moves from the inner to outer centers. This 307 

characteristic behavior is a qualitative clue of energy-cascading variations (strong in the inner 308 

center and weak in the outer center). A similar analysis was performed on overlapping time-309 
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depth data segments for wavenumber-frequency spectral densities and showed similar behavior, 310 

although having different ratios (S5). Also, S6 shows the significance of PSD intervals based on 311 

wavenumber-frequency spectra, indicating a cascading tendency in the low vertical 312 

wavenumbers over the wide frequency bandwidths. 313 

For energy-cascading processes in the wavenumber-frequency domains, several 314 

mechanisms were theoretically investigated and well established (Polzin & Lvov, 2011). 315 

Especially, the cascading process in vertical wavenumbers between two internal equal-frequency 316 

waves is well explained for wave-wave-vortex triad interaction (Lelong & Riley, 1991). 317 

According to the work of Dunphy & Lamb (2014), the incoming SIT shows a cascading process 318 

from low to high modes in vertical dynamic modes and frequencies (harmonics). However, for a 319 

multitude of incoming internal waves with different vertical modes and frequencies within a 320 

mesoscale eddy, numerical studies have not been conducted. Thus, our observational results are 321 

worthwhile for in-depth future observational studies. 322 

4 Discussion and Conclusions 323 

In this study, we actively navigated a single Slocum glider to a targeted center of a 324 

mesoscale eddy and performed virtual-moored observations at a single point during the eddy’s 325 

migrating motion. Because the glider is profiling in a high-frequency spiraling motion with a 326 

small radius, less impact on IT observations occurs due to background currents. Also, by 327 

applying the wide bandpass widths to the gridded dataset with a temporal resolution of 1 h and 328 

vertical resolution of 1 m, the doppler effect induced by the glider’s motion is well reduced. Our 329 

observations show stronger DIT fields than other internal wavefields, including SITs. This 330 

characteristic could be due to different poleward DIT and SIT refractions radiated from the 331 

Luzon Strait, as numerically verified in the work of Zhao (2014). However, comparable energy 332 

DIT and SIT fluxes propagate into the western Pacific near the generation site, the Luzon Strait 333 

(Rainville et al., 2013). The finding that the SIT’s power spectra of the 20°C isotherm are larger 334 

than the 10°C (Figure 4b) indicates second harmonics generation of higher-mode DIT via eddy-335 

wave interaction, reported in the work of Dunphy & Lamb (2014). 336 

The focusing behavior of DIT’s APEs observed in the inner center is a clue to strong 337 

modulation on DIT by the eddy via nonlinear interactions between DIT wavefields and the 338 

vortex. To unveil the underlying dynamics, additional observations with longer duration and 339 

velocity measurements are required. 340 

For energy-cascading processes, variations of cascading strength depending on positions near the 341 

eddy center are tentatively described in terms of the four lowest vertical wavenumbers for the 342 

DIT wavefield. Compared to the work of Dunphy & Lamb (2014, see Figure 13 therein), the 343 

contributions of the four lowest wavenumbers to DIT variance are not clearly distinguished 344 

among the lowest wavenumbers. However, note that different behavior is observed in the eddy’s 345 

inner and outer centers (Figures 5 c and d). This finding can be a qualitative clue to resonant 346 

triad interactions among wave-wave-vortex varying on positions near the eddy center (strong in 347 

the inner center and weak in the outer center). The relationship between the strength of 348 

interactions and horizontal positions within the eddy should be established on further 349 

observations. There is also a probable relationship between characteristics dependent on 350 

horizontal positions within the eddy and relative vorticity (Figure 3). Its relation must also be 351 

reinforced by additional observations. 352 
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Figure S1. Depth-time map of WKB-scaled isothermal vertical displacements estimated 

from up-cast measurements of a glider. (a) DIT and (b) SIT. Compared to Figures 4c and 

d, no clear discrepancy occurs between them, meaning a high performance of the virtual-

mooring mode of the Slocum glider. Note that the sampling time in up-casts is on average 

2.8 h and data are gridded to a 1 h temporal resolution. 

 

 

 

 

 
Figure S2. Surface plot of frequency-wavenumber (F-K) of depth-time isothermal 

vertical displacements. The spectral density is expressed in terms of Log10. (a) The 

eddy’s inner center regime, and (b) the eddy’s outer center regime. 
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Figure S3. Frequency spectral density estimations obtained from frequency-wavenumber 

(F-K) of the depth-time isothermal vertical displacements. The slopes are estimated 

according to the GM76 model, for the entire observation (a), the inner center duration (b), 

and the outer center duration (c), respectively. A difference occurs in the slope estimated 

over the intermediate frequency bandwidths between inner and outer centers. Also, the 

abrupt decaying behavior in the high-frequency bands is presumably due to temporal 

smoothing effects when gridding the raw observations. 
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Figure S4. Vertical wavenumber spectral density estimations obtained from frequency-

wavenumber (F-K) of the depth-time isothermal vertical displacements. The slopes are 

estimated according to the GM76 model for the entire observation (a), the inner center 

duration (b), and the outer center duration (c), respectively. There are no noticeable 

differences in the slopes above. The deviating behavior in the higher wavenumber 

bandwidths is due to measurement noises. 
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Figure S5. PSDs of vertical wavenumbers of DIT is presented using a moving window of 

128 datapoints in an overlapping manner. (a) PSDs of the two lowest vertical 

wavenumbers and ratio are plotted (right y-axis). (b) PSDs of the four lowest vertical 

wavenumbers and ratio are plotted. 

 

 

 

  



 

 

6 

 

 
Figure S6. Frequency spectral estimations of DIT corresponding to the four lowest 

vertical wavenumbers, along with two-sided 95% confidence intervals in the bottom 

(gray dotted lines based on the black base line). Here, 𝜔0 is the diurnal frequency, K1. 

During the entire observation, the lowest wavenumber (Mode1) could be the first and 

second contributor to the total DIT and SIT variance, respectively (a). When separately 

decomposed into inner and outer eddy centers, the DIT power spectra distribution over 

the low wavenumbers is be wider in the inner center (b) rather than in the outer center (c), 

although subtle. This different pattern indicates that nonlinear interactions among internal 

waves and the eddy become stronger in the inner center than in the outer center. 

 


