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Abstract 22 

A part of near-inertial wind energies dissipates locally below the surface mixed layer. 23 

Here, their role in the climate system is studied by adopting near-inertial near-field wind-24 

mixing parameterization to a coarse-forward ocean general circulation model. After 25 

confirming a problem of the parameterization in the equatorial region, we investigate 26 

effects of near-field wind mixing due to storm track activities in the North Pacific. We 27 

found that, in the center of the Pacific Decadal Oscillation (PDO) around 170oW in the 28 

mid latitude, near-field wind mixing transfers the PDO signal into deeper layers. Since 29 

the results suggest that near-field wind mixing is important in the climate system, we also 30 

compared the parameterization with velocity observations by a float in the North Pacific. 31 

The float observed abrupt and local propagation of near-inertial internal waves and shear 32 

instabilities in the main thermocline along the Kuroshio Extension for 460 km. Vertical 33 

diffusivities inferred from the parameterization do not reproduce the enhanced 34 

diffusivities in the deeper layer inferred from the float. Wave-ray tracing indicates that 35 

wave trapping near the Kuroshio front is responsible for the elevated diffusivities. 36 

Therefore, enhanced mixing due to trapping should be included in the parameterization. 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 
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1. Introduction 45 

Mid-latitude atmospheric storms can efficiently generate inertial oscillations in the 46 

surface mixed layer (ML) of the ocean. After oscillations are generated, a part of the 47 

energy in the ML radiates to the ocean interior as low-mode near-inertial internal waves 48 

(Gill 1984; D’Asaro et al. 1995). It has been hypothesized that the radiation, propagation, 49 

and breaking of near-inertial internal waves are important in maintaining stratification in 50 

the abyssal ocean (Munk 1966; Munk and Wunsch 1998).  51 

  By applying the slab ML model (Pollard and Millard 1970; D’Asaro 1985) to the global 52 

ocean, the estimated global inertial energy flux into the surface ML (hereinafter called 53 

the wind power input) is around 0.5 TW (Alford 2001; Watanabe and Hibiya 2002; Alford 54 

2003; Watanabe et al. 2005). In addition, wind power input exhibits seasonal variability 55 

related to mid-latitude storm activities. Mid-latitude storms, whose paths are called storm 56 

tracks, display variabilities on time scales longer than the seasonal variation. For example, 57 

in the North Pacific, storm tracks develop in autumn and winter. They are affected by the 58 

position and strength of the Aleutian low, which shows a temporal variability (e.g., 59 

Sugimoto and Hanawa 2009; Di Lorenzo et al. 2015). Sugimoto and Hanawa (2009) 60 

suggested that the zonal shift of the Aleutian low on a decadal or longer time scale is 61 

associated with the Pacific–North American teleconnection pattern and the meridional 62 

shift with the west Pacific teleconnection pattern. Inoue et al. (2017) applied empirical 63 

orthogonal function (EOF) analysis to a time series of the wind energy inputs estimated 64 

by the slab model. They showed that the long-time scale variability of the near-inertial 65 

motions is also related to the Aleutian low.  66 

Deep ocean current meter moorings also found a seasonal cycle of near-inertial internal 67 
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wave activities (Alford and Whitmont 2007). Similarly, the vertical diffusivities inferred 68 

from the global Argo float array, which use vertical density profiles, indicate a seasonal 69 

cycle, where the internal wave fields are enhanced in the wintertime (Whalen et al. 2012). 70 

However, only a small fraction (less than 25%) of the near-inertial energy in the ML 71 

propagates into the main thermocline (Furuichi et al. 2008, Alford et al. 2012, Rimac et 72 

al. 2016) because most of the energies dissipate in the ML. It is suggested that only low 73 

mode inertial waves can propagate into the ocean interior, and internal waves with a 74 

higher vertical mode are dissipated in the upper ocean due to the higher vertical shear and 75 

slower propagation speed (Alford et al. 2016). 76 

In the past few decades, the role of wind energies on abyssal mixing has been 77 

investigated. Wind energies are not considered an important factor for driving abyssal 78 

mixing because internal-wave energies, which reach the main thermocline, are smaller 79 

than those caused by tides. On the other hand, the role of the near-inertial energy, which 80 

dissipates locally and immediately in the upper ocean (e.g., inside and just below the 81 

surface ML) on the climate system is less understood. It is important for mixed layer and 82 

subsurface heat budgets due to enhanced entrainments and circulation changes. We also 83 

speculate that the modulation of high-mode wave energies affects the biogeochemical 84 

properties because the energies can influence the bottom of the euphotic layer. Jochum et 85 

al. (2013) introduced parameterization, which added near-field mixing effects related to 86 

the near-inertial oscillation in the ML generated by storms, and incorporated it into a 87 

coupled ocean–atmosphere model. They found that near-inertial waves influence the 88 

climate system by deepening the tropical mixed layer, and suggested that it is important 89 

to understand tropical near-inertial wave energies qualitatively to reduce uncertainties in 90 

the parameterization.  91 
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In this study, we adopt the parameterization developed by Jochum et al. (2013) to a 92 

coarse-forward ocean general circulation model (OGCM) equipped with a turbulence 93 

closure model (Noh 2004) and optimized through a data assimilation approach (Osafune 94 

et al. 2015) (Section 2). In Section 3, we integrate the OGCM with parameterization for 95 

58 years, describe near-inertial motions and waves reproduced in the OGCM, and 96 

compare the results with and without parameterization. We also discuss the possible 97 

effects of near-field wind mixing due to the storm track activities in the North Pacific, 98 

which are modulated by the Aleutian low on the decadal scale. In Section 4, we evaluate 99 

the parameterization and discuss potential improvements. Specifically, we compare the 100 

vertical diffusivities inferred from the parameterization and the Electro Magnetic 101 

Autonomous Profiling Explorer (EM-APEX) float (Teledyne Webb Research, Sanford et 102 

al. 2005) measurements. Here, the EM-APEX observed an abrupt propagation of near-103 

inertial internal waves within the North Pacific Subtropical mode water (NPSTMW) and 104 

shear instability in the layer between NPSTMW and North Pacific Intermediate Water 105 

(NPIW) in the Kuroshio Extension (KEx) area. Finally, we discuss differences between 106 

these diffusivities. 107 

 108 

2. Methods 109 

2.1. Parameterization of near-field wind mixing 110 

We adopted the near-field mixing parameterization developed by Jochum et al. (2013). 111 

This parameterization is similar to that of St. Laurent et al. (2002). St. Laurent et al. (2002) 112 

focused on mixing near steep bottom topographies due to breaking of internal tides, 113 

whereas Jochum et al. (2013) modeled mixing by near-inertial motions generated in the 114 
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ML due to surface wind forcing. Jochum et al. parameterized vertical diffusivities below 115 

the ML as  116 

𝑘𝑛𝑖𝑤 = 𝜀𝑛𝑖𝑤

Γ

𝑁2
=

𝐸𝑖
𝑓𝑙𝑢𝑥

𝐹(𝑧)

𝜌

Γ

𝑁2
,             (1) 117 

where Γ is the mixing efficiency and assumed to be 0.2. 𝜌 and 𝑁2 are the density (kg 118 

m-3) and buoyancy frequency squared (s-2) at each grid point, respectively.  119 

In Eq. (1), the dissipation rate of the turbulent kinetic energy is defined as 𝜀𝑛𝑖𝑤 =120 

𝐸𝑖
𝑓𝑙𝑢𝑥

𝐹(𝑧) 𝜌⁄  (W kg-1), where 𝐸𝑖
𝑓𝑙𝑢𝑥

 represents the near-inertial energy flux into the 121 

ocean interior. It has the same unit as the energy density flux (Wm -2) in St. Laurent et al. 122 

(2002) and is defined as 123 

 𝐸𝑖
𝑓𝑙𝑢𝑥

= (1 − 𝑏𝑓𝑟) × 𝑙𝑓𝑟 × 𝐸𝑓𝑙𝑢𝑥,             (2) 124 

where 𝑏𝑓𝑟 and 𝑙𝑓𝑟 are the fraction of the energy dissipated in the ML and propagating 125 

below, respectively. Here, these are set at 0.7 and 0.5, respectively (Jochum et al. 2013). 126 

These values mean that 15% of the near-inertial energy in the ML is used to generate 127 

turbulence below the ML (near field) and another 15% is radiated away as low mode 128 

internal waves. The low mode internal waves contribute to the formation of the 129 

background internal wave field as well as interior mixing (far field). 𝐸𝑓𝑙𝑢𝑥 is the near-130 

inertial energy flux into the surface boundary layer, 𝝉 ∙ 𝑼𝒊. Here, 𝝉 is the wind stress 131 

which forces the OGCM and 𝑼𝒊 is the surface velocity of the near-inertial current which 132 

is estimated from the time series of outputs by a bandpass filter between 0.8 and 1.2 times 133 

of the local Coriolis frequencies. In Jochum et al. (2013), it is estimated as 134 

𝐸𝑓𝑙𝑢𝑥 = 𝝉 ∙ 𝑼𝒊 ≈ 𝛼 |𝐾𝐸𝑀𝐿(𝑡 + 1) − 𝐾𝐸𝑀𝐿(𝑡)| ∆𝑡⁄ ,             (3) 135 

so that 𝑘𝑛𝑖𝑤 corresponds to changes in the ML. Here 𝛼 is a scaling factor to adjust the 136 
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global annual mean of (3) to that of simulated 𝝉 ∙ 𝑼𝒊 and was set to 0.05 in Jochum et al. 137 

(2013). The bulk kinetic energy of near-inertial motions in the ML, 𝐾𝐸𝑀𝐿, is defined as  138 

𝐾𝐸𝑀𝐿 = 0.5 × ∫ 𝜌 × (𝑢𝑖2
+ 𝑣𝑖2

) 𝑑𝑧
0

−ℎ

,                (4) 139 

𝑢𝑖(𝑡 + 1) ≈ − 𝑇 2𝜋⁄ [𝑣(𝑡 + 1) − 𝑣(𝑡)] ∆𝑡⁄ ,         (5) 140 

𝑣𝑖(𝑡 + 1) ≈ 𝑇 2𝜋⁄ [𝑢(𝑡 + 1) − 𝑢(𝑡)] ∆𝑡⁄ ,             (6) 141 

where a high-frequency velocity fluctuation in the model outputs is defined as the near-142 

inertial velocities, 𝑢𝑖 and 𝑣𝑖, which are obtained by the differences in two consecutive 143 

time steps (∆𝑡). 𝑇 is the inertial period. Equations (5) and (6) should work because the 144 

OGCM works as a lowpass filter. The computational method is selected to suit the 145 

forward time integration because variables in the right-hand side of (5) and (6) are 146 

obtained in the same time step. Otherwise, a bandpass filter would be necessary to obtain 147 

near-inertial motions.  148 

Note that Eq. (3) is also based on the bulk mixed layer energy budget (e.g., Crawford 149 

and Large 1996), 150 

𝜕𝐾𝐸𝑀𝐿

𝜕𝑡
= 𝝉 ∙ 𝑼𝒊 − 𝜌 ∫ (−𝑢𝑤̅̅ ̅̅

𝜕𝑈

𝜕𝑧
− 𝑣𝑤̅̅ ̅̅

𝜕𝑉

𝜕𝑧
) 𝑑𝑧,         

0

−ℎ

(7) 151 

and 𝛼∗ = ∫
𝜕𝐾𝐸𝑀𝐿

𝜕𝑡
𝑑𝑡 ∫ 𝝉 ∙ 𝑼𝒊 𝑑𝑡⁄  (time integral over one storm event). Crawford and 152 

Large (1996) evaluated the balance of Eq. (7) within the entire water column in their one-153 

dimensional numerical model without motion below the ML. They also used the Station 154 

Papa mooring data to show that 80% of the total near-inertial energies exist in the ML. 155 

Crawford and Large (1996) found that 𝛼∗ is an asymptote from 0 to 0.5 if the wind 156 

forcing frequency is close to that of the inertial frequency. 𝛼 in Eq. (3) should be 1 𝛼∗⁄  157 

according to Jochum et al. (2013). Hence, 𝛼∗ is simply selected from the model output 158 
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(Section 3.1.1) and the newly estimated 1 𝛼∗⁄  is used as 𝛼.  159 

Finally, the structure function, 𝐹(𝑧) (m-1), is defined with a vertical integration equal 160 

to one as  161 

𝐹(𝑧) =
𝑒(𝑧+ℎ) 𝜂⁄

𝜂(1 − 𝑒−𝐻 𝜂⁄ )
,          (8) 162 

where 𝜂 is a length scale and H is the bottom depth, so that 𝐸𝑖
𝑓𝑙𝑢𝑥

𝐹(𝑧) 𝜌⁄  gives the 163 

turbulent kinetic dissipation rate, 𝜀𝑛𝑖𝑤 (Wkg-1). 𝜂 is set to 2000 m by Jochum et al. 164 

(2013). Here, vertical integration of Eq. (8) between −𝐻 and −ℎ becomes one (e.g., 165 

∫ 𝐹
−ℎ

−𝐻
𝑑𝑧 = 1). We approximate the scaling factor, 𝜂(1 − 𝑒−𝐻 𝜂⁄ ), by 𝜂 for simplicity.  166 

Note that the depth is positive upward and has negative values. Thus, 𝜀𝑛𝑖𝑤 decreases 167 

toward the deeper layer. 𝐻 and ℎ are positive. Vertically integrating Eq. (8) between 168 

each depth and −ℎ shows that 99 % of internal waves energy dissipates at -4790, -920, 169 

and -90 m below the ML for 𝜂 = 2000, 200, and 20 m, respectively (Figs. 1a–c). In 170 

addition to 𝜂 = 2000 m run, 𝜂 = 40 m is arbitrarily chosen so that the near-inertial 171 

energies in the ML are confined within 200 m below the ML, which mimics breaking of 172 

higher vertical mode internal waves in the upper ocean (Figs. 1d-e).  173 

 174 

2.2. Ocean general circulation model 175 

This study uses version 3 of the OGCM from the Geophysical Fluid Dynamics 176 

Laboratory (NOAA, USA) Modular Ocean Model (MOM3) (Pacanowski and Griffies 177 

2000), which has been modified for a long-term data synthesis system that derives the 178 

Estimated STate of global Ocean for Climate research (ESTOC; Osafune et al. 2015). The 179 

system applies a four-dimensional variational data assimilation method based on a strong-180 
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constraint formalism. It searches for the best time-trajectory fit of the OGCM to the 181 

observations by optimizing the initial conditions of the model variables and the 10-day-182 

mean air–sea fluxes (heat fluxes, freshwater fluxes, and wind stress) compiled from six-183 

hourly air–sea fluxes (heat, freshwater, and momentum) of the National Center for 184 

Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) 185 

reanalysis (Kalnay et al. 1996). 186 

The quasi-global OGCM domain covers the region between 75°S and 80°N. The 187 

horizontal resolution is 1° in both longitude and latitude, while the vertical resolution of 188 

the 45 levels varies with thicknesses from 10 m to 400 m. An additional layer is applied 189 

for the bottom boundary layer (BBL) where the BBL model is by Gnanadesikan et al. 190 

(1998). Using Green’s function approach (e.g., Menemenlis et al. 2005), the parameters 191 

related to the isopycnal (Gent and McWilliams 1990) and diapycnal (Gargett 1984; 192 

Hasumi and Suginohara 1999; Tsujino et al. 2000) diffusivities and other physical 193 

parameters have been optimized to better reproduce the deep-water masses and the 194 

abyssal circulation (Toyoda et al., 2015). For the surface boundary layer, the OGCM has 195 

used the turbulence closure model developed by Noh (2004). Noh’s model applies a 196 

Mellor and Yamada-type second-order closure (e.g., Mellor and Yamada 1982) but with 197 

different boundary conditions to diagnose the turbulent energy. The ML depth, ℎ, in Eq. 198 

(7) is defined as the shallowest depth where the buoyancy frequency is largest. Note that, 199 

since the OGCM uses the closure model, we do not apply the ML velocity modification 200 

used in Jochum et al. (2013) and the subsurface parameterization, Eq. (1), is our focus.  201 

We referred to the original ESTOC, which contains 58 years of data from 1957 to 2014 202 

(Osafune et al. 2014) as the control run (CTL). Using the optimized initial condition and 203 

air–sea fluxes of ESTOC, we conducted two experiments. The first involved a high-204 
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frequency wind run (HFW-nJ) with six-hourly wind data added. This data was obtained 205 

by subtracting the linearly interpolated ten-day mean wind data from the six-hourly 206 

NCEP/NCAR reanalysis. The second added the parameterization of Jochum et al. (2013) 207 

to the HFW-nJ, and is hereafter called HFW-J (𝜂 = 2000 m) and HFW-Jh (𝜂 = 40 m). In 208 

those HFW cases, we decreased the high-frequency wind stress in 65-70°N by a cosine 209 

function and turned it off in 70-80°N for a stability of computations. Although the six-210 

hourly wind data was insufficient to resolve storms in higher latitudes where the local 211 

inertial period is shorter (the detailed studies on spatial and temporal resolutions of wind 212 

data are given in Rimac et al. 2013), a correction (e.g., Nagasawa et al. 2000, Watanabe 213 

and Hibiya 2002) was not applied. Finally, since we use the prescribed heat and salinity 214 

fluxes optimized by data assimilation, temperature and salinity differences induced by the 215 

parameterization represent the pure ocean response without damping at the sea surface as 216 

explained in Osafune et al. (2020).  217 

 218 

3. OGCM 219 

3.1. Results 220 

3.1.1. Near-inertial motions in the ML 221 

  Here and in the next section, the near-inertial motions and waves reproduced in the 222 

OGCM are described to introduce the parameterization by Jochum et al. (2013). Figures 223 

2a-d depict the excitation of inertial motions after a storm event at 49.5°N, 174.5°E using 224 

HFW-nJ. The near-inertial current is generated at the surface after t=285 (elapsed hour 225 

from the start, 1957/1/1). Within a few inertial periods (the inertial period is about 15.8 226 

hours at 49.5°N), the velocity in the ML is homogenized. The near-inertial oscillation 227 
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propagates below the ML after t=360. A comparison between ∫ 𝝉 ∙ 𝑼𝒊 𝑑𝑡 (time integral 228 

of the OGCM’s output every three hours from the beginning for one month, hereafter 229 

∫ 𝝉 ∙ 𝑼𝒊), time integral of 𝐸𝑓𝑙𝑢𝑥, ∫ 𝐸𝑓𝑙𝑢𝑥 𝑑𝑡 (hereafter ∫ 𝐸𝑓𝑙𝑢𝑥), and 𝐾𝐸𝑀𝐿 (Fig. 2e) 230 

shows that the ∫ 𝐸𝑓𝑙𝑢𝑥 is higher because it integrates positive values as shown in Eq. (4). 231 

The ∫ 𝝉 ∙ 𝑼𝒊  is largest. The average ratio of two, 𝐾𝐸𝑀𝐿  ∫ 𝝉 ∙ 𝑼𝒊⁄̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ , while 𝝉 ∙ 𝑼𝒊  is 232 

positive (energy is brought into the ocean), has a value of 0.1. Here, we assume that this 233 

condition mimics the 𝛼∗ = ∫
𝜕𝐾𝐸𝑀𝐿

𝜕𝑡
𝑑𝑡 ∫ 𝝉 ∙ 𝑼𝒊⁄  over events because inertial motions 234 

dominate high-frequency motions in the ML when there is an inertial energy flux. Figure 235 

3 shows an example of successive storm events at 31.5°N, 174.5°E. The storm 236 

continuously passed this location every 3–4 days. The wind stress due to the next storm 237 

event modulates the pre-existing current. Again, ∫ 𝐸𝑓𝑙𝑢𝑥  is larger than 𝐾𝐸𝑀𝐿  and 238 

∫ 𝝉 ∙ 𝑼𝒊 is highest. The 𝐾𝐸𝑀𝐿 ∫ 𝝉 ∙ 𝑼𝒊⁄̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  with 𝝉 ∙ 𝑼𝒊 > 0 becomes 0.04, which is smaller 239 

than the single storm case. This is possibly because successive storms damped the pre-240 

existing inertial currents in the ML due to the mismatch between wind and current 241 

directions.  242 

Finally, we found that the monthly average 𝐸𝑓𝑙𝑢𝑥 estimated from the last term of Eq. 243 

(3) with 𝛼∗ = 0.2 (𝛼 = 5) in January 1957 (Figs. 4a and c) are 2.38 TW and 0.26 TW 244 

by including and excluding the equatorial region, respectively. On the other hand, the 245 

estimated global wind energy input, ∫ 𝝉 ∙ 𝑼𝒊 𝑑𝐴, from the output of HFW-nJ every three 246 

hours in January 1957 (Figs. 4b and c) are 0.24 and 0.22 TW by including and excluding 247 

the equatorial region (5°N-5°S), respectively, which are smaller than the annual mean 248 

values in previous studies. Although a mean value of the global 𝛼∗ = 𝐾𝐸𝑀𝐿  ∫ 𝝉 ∙ 𝑼𝒊⁄̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 249 

estimated in 0 < 𝐾𝐸𝑀𝐿 ∫ 𝝉 ∙ 𝑼𝒊⁄ < 0.5 is 0.08, we use the larger 𝛼∗ (= 0.2) in this 250 

study because in Eq. (3) the damping of 𝐾𝐸𝑀𝐿 is also treated as the energy input and 251 
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𝐸𝑓𝑙𝑢𝑥  matches ∫ 𝝉 ∙ 𝑼𝒊 𝑑𝐴  better. Jochum et al. (2013) noted the existence of high 252 

vertical diffusivities and the importance of understanding near-inertial motions in the 253 

equator. The parameterization implicitly assumes that near-inertial motions dominate the 254 

high frequency motions in the ML, however, this assumption cannot be true for the 255 

equatorial region because the inertial period is relatively long and a frequency of non-256 

local motions can be close to the inertial period.  257 

 258 

3.1.2. Near-inertial internal waves  259 

  After the radiation from the ML, near-inertial motions propagate into the ocean interior 260 

as near-inertial waves. Figure 5 shows the bandpass-filtered (between Coriolis 261 

frequencies of 30 and 35°N) meridional cross-section of the meridional velocities along 262 

174.5°E. From Fig. 3, near-inertial motions are generated in the ML before t = 259 (Figs. 263 

5a–b). The low-mode near-inertial waves are dominant in these velocity sections (e.g., 264 

Nagasawa et al. 2000). The velocity fields indicate that the low-mode near-inertial waves 265 

originate from latitudes where the band propagates southward (Figs. 5c–d). Another 266 

storm event is present around t = 600 (Fig. 3), but it has weaker near-inertial motions in 267 

the ML due to the deeper ML. This event seems to generate low-mode waves in the 268 

latitude band (Fig. 5e). The time series of variances, where two-dimensional horizontal 269 

wavenumber spectra of the meridional velocities (without a frequency filter) were 270 

integrated in the zonal direction in 9.5–40.5°N and 143.5°E–179.5°W, also indicate the 271 

dominance of southward propagation for linear internal waves under influence of the beta 272 

effect (e.g., Gill 1984; D’Asaro et al. 1995; Nagasawa et al. 2000). Due to the beta effect, 273 

the largest variance changes should occur along the meridional wavenumber in time (Fig. 274 
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6). The horizontal scale of southward-propagating near-inertial waves in the meridional 275 

direction decreases with time, and waves dissipate through the viscous effect in the 276 

OGCM. Due to the low horizontal resolution (one degree) and limited vertical resolution, 277 

the OGCM cannot reproduce near-inertial waves with higher vertical modes. Since the 278 

OGCM cannot reproduce the higher vertical modes and the vertical mixing 279 

parameterization used in the OGCM is independent on the modeled vertical shear, the 280 

enhanced shear due to near-inertial currents in the ML does not increase the vertical 281 

diffusivities below the ML. Therefore, it is reasonable to introduce the parameterization 282 

by Jochum et al. (2013) in the OGCM. Note that this parametrization is not necessary if 283 

a numerical model resolves high vertical modes as well as wave-wave interactions and 284 

vertical mixing parameterization considers the effects of enhanced shears through the 285 

Richardson number. 286 

 287 

3.1.3. Enhanced mixing below the ML: Comparison between four cases 288 

  Figure 7 shows the same ML deepening event as that in Fig. 2 (49.5°N) for the CTL 289 

and HFW-nJ cases. Figure 7(a) shows that the CTL case does not include high-frequency 290 

wind forcing and the high-shear squared layer is confined near the sea surface. The ML 291 

depth is similar in those cases because convection due to sea surface cooling causes ML 292 

deepening (Figs. 7a–b) in the wintertime but the thermocline below the ML is thicker in 293 

the HFW cases. The difference between the HFW cases is much smaller than those 294 

between the CTL and HFW cases (not shown). The vertical profiles of a monthly average 295 

(within January 1957) vertical diffusivity estimated in the OGCM show that the 296 

diffusivities increase below the ML in the HFW-J and HFW-Jh cases (Fig.7c), that mimic 297 
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the shear instability due to near-inertial waves (HFW-J) and breaking of higher vertical 298 

mode internal waves below the ML (HFW-Jh). Its increase occurs deeper than the ML 299 

base due to the higher stratification just below the ML. The maximum value is ~1.8×10-300 

5 m2 sec-1 in the HFW-Jh case. 301 

  The horizontal distributions of the differences between the yearly average (final 58th 302 

year, 2014) temperatures from the CTL and HFW-nJ cases (HFW-nJ minus CTL, Figs. 303 

8a–d) show the effects of high-frequency wind forcing. The water is warmed, except for 304 

that in the Atlantic and Southern Ocean, and the differences are typically less than 2 °C 305 

at the surface (-5 m depth) and subsurface (-105 m depth) (Figs. 8a–b). The differences 306 

are smaller (~1 °C) in the deeper layers but there are more cooling places than in the 307 

shallower layers (Figs. 8c–d). The upper and lower layer should be cooled and warmed, 308 

respectively, if surface mixing is enhanced due to the stronger wind forcing and 309 

temperature determines stratification. The ML deepening also cannot explain warming 310 

below the ML depth. Therefore, we speculate that these changes are due to changes in 311 

circulations.  312 

The temperature differences between the HFW cases (HFW-J minus HFW-nJ, Figs. 313 

8e–h) show that the surface and subsurface waters are cooled (Figs. 8e–g) and it is 314 

warmed in the deeper layer (Fig. 8h) of the equator and subtropical regions, which is 315 

expected from vertical mixing in the thermally stratified water. The surface and 316 

subsurface waters show smaller scale temperature modulations around the storm track in 317 

the mid latitudes where a deeper ML is formed. The differences between the HFW cases 318 

(HFW-Jh minus HFW-nJ, Figs. 8i–l) show that the surface and subsurface waters are 319 

cooled (heated) in the western (eastern) side of the Pacific and Atlantic. Those differences 320 

are much larger than those between the CTL and HFW-nJ cases. Water is cooled in the 321 
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deeper layer of the North Atlantic, and mid- and low-latitudes of the Pacific and Indian 322 

Ocean (Fig. 8k-l). The horizontal distributions of 𝑘𝑛𝑖𝑤  in the HFW-Jh case show 323 

enhanced mixing at the equator (not shown) as expected in Section 3.1.1 (Fig. 4). Since 324 

the east–west contrast in the Pacific and Atlantic Oceans is appeared in other years, we 325 

speculate that vertical mixing generates the pattern through an adjustment process. Due 326 

to those uncertainties in the equatorial region, we turn off the parameterization between 327 

20°N and 20°S to isolate the effects of the near-field wind mixing associated with the 328 

storm track in the mid latitude of the North Pacific in the next section.  329 

 330 

3.2. Discussion 331 

To visualize the impact of the near-field wind mixing on the climate signal, we 332 

investigate SST by focusing on the Pacific decadal oscillation (PDO), which is the 333 

dominant year-round pattern of the monthly North Pacific SST variability (e.g., Mantua 334 

et al. 1997). Using the observed SST data, which is assimilated in ESTOC, we applied 335 

empirical orthogonal function (EOF) analysis to the monthly SST anomaly from 1971 to 336 

2014. Here, this first principal component is used as the PDO index in this study (Figs. 337 

9a and 11a). The corresponding EOF shows the characteristic structure of the PDO: it has 338 

a negative anomaly in the western-central region, which is surrounded by a horseshoe-339 

shaped positive anomaly (Fig. 9a).  340 

Figures 9b–c show the regression coefficient of the monthly SST anomaly in each 341 

experiment on the PDO index. The regression pattern of the CTL is similar to the PDO 342 

pattern, indicating that the PDO is well reproduced in the CTL. Although the regression 343 

patterns are altered in the HFW cases (e.g. Fig.9c for the HFW-nJ), they retain the 344 
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characteristic structure of the PDO. The differences in the regression coefficients within 345 

the HFW-nJ and HFW-J (Fig. 10a), which depict the impact of the near-field wind mixing, 346 

are positive around the center of action of the PDO at 170°W in the mid latitudes that is 347 

shown as the negative spatial peak (e.g., the black box in Fig. 10a), meaning that the 348 

regression coefficient is decreased, therefore, the PDO signal is weakened at the surface.  349 

The reason for the decreased regression coefficient is inferred from the vertical cross-350 

section along 170°W (Figs. 10b–c) where the regression coefficient decreases in the 351 

deeper depth due to the smaller influence from the sea surface. Applying parameterization 352 

decreases (increases) the regression coefficient in the shallower (deeper) depth for both 353 

the HFW-J (Fig. 10b) and HFW-Jh (Fig. 10c), implying that water is vertically exchanged 354 

by mixing and transfers the PDO signal into the deeper layer. A comparison between the 355 

PDO index (Fig. 11a) and the time series of the monthly SST anomaly averaged over the 356 

black box (Fig. 11b) confirmed that the SST anomaly in the center of action of the PDO 357 

where the negative regression coefficient is large also corresponds to a negative 358 

correlation. The difference in SST anomalies between HFW cases (HFW-J minus HFW-359 

nJ in Fig. 11c) is negatively correlated with the SST anomaly in the CTL, which is same 360 

for the HFW-Jh (not shown). Thus, mixing reduces the cold and warm anomalies in the 361 

positive and negative PDOI periods, respectively, consistent with the idea that it transfers 362 

the PDO signal into the deeper layer.  363 

  These results indicate that near-field wind mixing is important on the climate system, 364 

and suggest that the impact of the atmospheric forcing on the subsurface ocean can be 365 

underestimated in OGCMs if there is no near-field wind mixing. However, the accuracy 366 

of the parameterization remains unknown. In the next section, we clarify the 367 

parameterization using EM-APEX float measurements in the North Pacific.  368 
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 369 

4. Observations 370 

4.1. Results 371 

  To evaluate the parameterization and discuss its possible improvement, we analyzed 372 

the results from an EM-APEX float experiment conducted in November 2015 in the KEx 373 

area by R/V Hakuho Maru (KH-15-4 cruise). The EM-APEX float is a kind of 374 

autonomous ARGO-type float equipped with electrodes to measure voltages from 375 

seawater motions in the Earth’s magnetic field. The float is also equipped with CTD 376 

(conductivity, temperature, and pressure) sensors. The vertical resolutions of CTD and 377 

EM data are 3–4 and 5–6 dbar, respectively. The data are interpolated every 6 dbar. The 378 

vertical shear and density gradient are estimated by the first differentiation so that the 6 379 

dbar scale vertical gradients are estimated to calculate the Richardson number, 𝑅𝑖, as 380 

𝑅𝑖 = 𝑁2 [(
𝜕𝑢

𝜕𝑧
)

2

+ (
𝜕𝑣

𝜕𝑧
)

2

]⁄ ,          (9) 381 

where 𝑁2 is the buoyancy frequency squared. 𝑢 and 𝑣 are the zonal and meridional 382 

velocities from the float, respectively.  383 

On November 24, 2015 at 34.0°N and 140.1°E, one EM-APEX float was deployed. 384 

The float was moved eastward along the KEx and observed a few storm events until 385 

January 15, 2016 (Fig. 12). The continuous sampling mode was applied, the samplings 386 

were acquired using up and down profiling. Each experiment acquired 594 profiles. 387 

Sampling depth was changed from 500 dbar to 1200 dbar following the vertical 388 

propagation of internal waves after a storm event. On December 10, a storm passed by 389 

the float, and the inertial oscillation was observed in the ML. At the base of the ML, the 390 

10.1175/JPO-D-20-0281.1.Brought to you by IFREMER/BILIOTHEQUE LA | Unauthenticated | Downloaded 05/26/21 03:57 PM UTC



Accepted for publication in Journal of Physical Oceanography. DOI 

 18 

shear increases and 𝑅𝑖 drops below 0.25, indicating shear instabilities. Similar to the 391 

OGCM, the near-inertial waves begin to propagate below the ML after a few inertial 392 

periods. The waves also penetrate through the NPSTMW (150~350 dbar) because the 393 

buoyancy frequency is higher than the local Coriolis frequency, even though the 394 

stratification of NPSTMW is low. A high shear layer (not shown) where 𝑅𝑖 is less than 395 

0.25 is created between the NPSTMW and NPIW (600~800 dbar) after December 20. 396 

This unstable layer was observed for about 2 weeks and covered about 460 km, 397 

suggesting that near-inertial waves induce mixing in the main thermocline and dissipate 398 

both NPSTMW and NPIW after radiation from the ML along the KEx.  399 

 400 

4.2. Discussion 401 

4.2.1. Modification of the near-field wind mixing parameterization 402 

The EM-APEX observations suggest that near-inertial waves reach the main 403 

thermocline in the KEx region just after radiation from the ML due to the low 404 

stratification from the NPSTMW. Here, we estimate the average turbulent kinetic energy 405 

dissipation rate, 〈𝜀〉, over this event using the parameterization by Kunze et al. (1990). 406 

This parameterization uses the reduced shear squared, 𝑅𝑒𝑆ℎ2 = (𝜕𝑢 𝜕𝑧⁄ )2 +407 

(𝜕𝑣 𝜕𝑧⁄ )2 − 4𝑁2, in an unstable region of the shear instability (𝑅𝑖<0.25), which gives 408 

〈𝜀〉 = 𝑓𝑟 ∙ ∆𝑧2
〈𝑅𝑒𝑆ℎ2𝜎𝑔𝑟𝑤〉𝑐

24
,          (10) 409 

where 𝑓𝑟 is the fraction of samples with 𝑅𝑖<0.25 to obtain the average 𝜀  over the 410 

period, ∆𝑧 has a vertical resolution of 6 dbar, and 𝜎𝑔𝑟𝑤 is the growth rate of the shear 411 

instability 𝜎𝑔𝑟𝑤 = (𝜕𝑢 𝜕𝑧⁄ + 𝜕𝑣 𝜕𝑧⁄ − 2𝑁) 4⁄ . The average vertical diffusivity from the 412 
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EM-APEX over the period (December 13-January 3) is defined as 413 

〈𝑘𝐸𝑀〉 =
Γ〈𝜀〉

〈𝑁2〉𝑐
.          (11) 414 

To calculate diffusivities from Eq. (1), the EM-APEX’s velocity data are interpolated 415 

every 6 dbar and 6 hours and high-pass–filtered at 1 cpd. The filtered EM-APEX’s 416 

velocity data are also vertically averaged over the ML to estimate 𝐾𝐸𝑀𝐿 in Eq. (3). 𝜂 = 417 

2000 and 40 m are used. Figure 13a compares the vertical diffusivities obtained by Eqs. 418 

(11) and (1). These two estimations show discrepancies. 〈𝑘𝐸𝑀〉 show higher values in 419 

the deeper layer and lower values in the low stratification layer (NPSTMW) because 420 

waves are stretched in the low stratification during vertical propagation. For 𝜂 = 2000 421 

m, 𝑘𝑛𝑖𝑤 is inversely proportional to the stratification because the structure function, 𝐹, 422 

defined by Eq. (8) is fairly uniform compared to 𝜂 = 40 m case (Figure 13c) and 𝑘𝑛𝑖𝑤 423 

is smaller than 〈𝑘𝐸𝑀〉. For 𝜂 = 40 m, 𝑘𝑛𝑖𝑤 decreases with depth which is consistent 424 

with 〈𝑘𝐸𝑀〉 above 300 dbar but its magnitude is overestimated. In addition, enhanced 425 

mixing is not reproduced by Eq. (1) in both 𝜂 = 2000 and 40 m cases.  426 

It is possible that the parameterization should consider effects of the stretching of 427 

waves. Hence, we assume that 𝐹 in Eq. (8) should be defined in the WKB stretched 428 

coordinate as  429 

𝐹(𝑧𝑊𝐾𝐵) =
𝑒(𝑧𝑊𝐾𝐵+ℎ𝑊𝐾𝐵) 𝜂𝑊𝐾𝐵⁄

𝜂𝑊𝐾𝐵
,             (12) 430 

where 431 

𝑧𝑊𝐾𝐵 = ∑ ∆𝑧 (
𝑁

𝑁0
)

𝑧

,                  (13) 432 

and 𝑁0  is set to 3cph. Similar to above, we set 𝜂𝑊𝐾𝐵 =  2000 and 40 m. In the 433 

calculation of 𝑘𝑛𝑖𝑤, 𝐹(𝑧𝑊𝐾𝐵) is calculated in the WKB stretched coordinate, and then 434 

10.1175/JPO-D-20-0281.1.Brought to you by IFREMER/BILIOTHEQUE LA | Unauthenticated | Downloaded 05/26/21 03:57 PM UTC



Accepted for publication in Journal of Physical Oceanography. DOI 

 20 

the OGCM’s vertical coordinate, 𝑧, is converted to 𝑧𝑊𝐾𝐵 based on Eq. (13). Both are 435 

used to estimate 𝐹 at 𝑧.  436 

Figures 13a–c compare the newly calculated 𝑘𝑛𝑖𝑤 and 𝐹 with the EM-APEX 〈𝑘𝐸𝑀〉. 437 

For 𝜂𝑊𝐾𝐵 = 2000 m case, there is no difference except for the depth where 𝑁 < 𝑁0 438 

because the vertical change of 𝐹 is small. For 𝜂𝑊𝐾𝐵 = 40 m case, WKB stretching 439 

improves the modeled diffusivities in the upper part of NPSTMW but underestimates the 440 

diffusivities between NPSTMW and NPIW because the stratification is higher than 𝑁0 441 

even in the NPSTMW (Fig. 13d). Therefore, |𝑧𝑊𝐾𝐵(𝑧)|>|𝑧|. Although it is possible to 442 

choose a different value of 𝑁0 for the improvement, we hypothesize that the enhanced 443 

mixing in the deeper layer is caused by a mechanism not considered in the 444 

parameterization. In the next section, we investigate a mechanism that would efficiently 445 

bring wave energies to the deeper layer and generate shear instabilities between the 446 

NPSTMW and NPIW. 447 

 448 

4.2.2. Possible mechanism of the internal wave breaking 449 

In Section 4.1, we implicitly assumed that shear instabilities between NPSTMW and 450 

NPIW are generated by near-inertial waves upon applying the parameterization by 451 

Jochum et al. (2013). However, it is possible that the observed low 𝑅𝑖, which is an 452 

indicator of the shear instability, is created by trapping near-inertial internal waves caused 453 

by spatial changes in the vertical component of the relative vorticity or vertical shear (e.g., 454 

Kunze 1985; Whitt and Thomas 2015). In this scenario, vertical propagation is limited 455 

within the negative relative vorticity or high vertical shear areas. Consequently, the low 456 

mode internal wave energy is also trapped and used to drive vertical mixing (e.g., Lee 457 

10.1175/JPO-D-20-0281.1.Brought to you by IFREMER/BILIOTHEQUE LA | Unauthenticated | Downloaded 05/26/21 03:57 PM UTC



Accepted for publication in Journal of Physical Oceanography. DOI 

 21 

and Niiler 1998; Zhai et al. 2009). Therefore, this cannot be represented by the 458 

parameterization used in this study. 459 

To examine the possibility of trapping, the ray path of the near-inertial waves generated 460 

in the ML near the KEx is calculated during the EM-APEX measurements. To calculate 461 

the geostrophic flow fields and relative vorticities, we use the monthly mean global ocean 462 

eddy-resolving reanalysis (1/12° horizontal resolution and 50 vertical levels, 463 

Global_ReAnalysis_phy_001_030) data from December 2015, which was provided by 464 

the Copernicus Marine Environment Monitoring Service (CMEMS) in the European 465 

Union (http://marine.copernicus.eu/). The absolute sea surface height and a trajectory of 466 

the EM-APEX float (Fig. 14a) indicate that the float moves along the south side of the 467 

Kex, which is consistent with the existence of NPSTMW in the EM-APEX float time 468 

series (Fig. 12). We chose one cross-section normal to the KEx to represent the density 469 

and velocity structures during the period when a low 𝑅𝑖 was observed in late December. 470 

For simplicity, we assume that neither the density nor the velocity structures change along 471 

the southeastward current. The coordinate system is rotated 45° in the clockwise direction 472 

and used to solve the ray equation (Appendix A). The vertical shear estimated from the 473 

model velocities (Fig. 14b) is almost the same as that estimated from the geostrophic 474 

balance in the KEx (not shown). We use the modeled velocity to estimate the relative 475 

vorticity, 𝜁𝑔 , and inverse geostrophic Richardson number, 𝑅𝑖𝑔
−1  (Figs. 14c and d; 476 

Appendix A). 477 

 Ray tracing indicates that near-inertial internal waves freely propagate below the NPIW 478 

if 𝜁𝑔 at the wave’s starting point is close to 0 or positive and the waves can satisfy the 479 

trapping condition in the negative 𝜁𝑔 area (Figs. 14e–f). It is known that near-inertial 480 

waves are trapped if the intrinsic frequency is equal to the minimum internal wave 481 
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frequency (e.g., Whitt and Thomas 2015). Note that the contribution of the vertical shear 482 

on the trapping is important near the KEx. However, the spatial change of 𝜁𝑔 is more 483 

important in the south of the KEx (Fig. 14f). From ray tracing, we conclude that the shear 484 

instabilities between NPSTMW and NPIW are generated by the near-inertial wave 485 

trapping where even the low-mode wave’s energy is used for mixing. Therefore, it is 486 

suggested that a new parameterization is necessary to represent near-field wind mixing 487 

near the western-boundary currents and eddies, where the fronts and the trapping of near-488 

inertial waves containing low modes are expected.  489 

In western boundary regions, the Antarctic Circumpolar Current and tropics, 490 

anticyclonic areas (𝜁𝑔<0) are often found at the sea surface (Figure 15a). When 𝜁𝑔 is 491 

negative at the sea surface, frequencies of near-inertial motions in the ML are decreased. 492 

Then, near-inertial waves radiated from the ML are trapped in the deeper layer where an 493 

intrinsic frequency of waves corresponds to the minimum near-inertial frequency, 𝜔𝑚𝑖𝑛 494 

(Appendix A) as seen in the KEx. Here, it is assumed that the depth of the deepest layer, 495 

where 𝜔𝑚𝑖𝑛 normalized by the local Coriolis frequency (𝜔𝑚𝑖𝑛 𝑓⁄ ) is smaller than 0.95, 496 

can be regarded as the possible trapping layer (e.g. Figure 5 in Whitt and Thomas 2013). 497 

It is shown that the layer depth becomes deeper in those 𝜁𝑔 <0 areas (Figure 15b). 498 

Therefore, it is suggested that a new parameterization which considers the trapping of 499 

near-inertial waves would be required in a part of the world oceans. Note that 𝜁𝑔 and 500 

𝜔𝑚𝑖𝑛 𝑓⁄  were estimated from the monthly mean CMEMS reanalysis data of December 501 

2013 as same as the KEx above. The depth was chosen between a depth that was 20 m 502 

deeper than the MLD (to avoid the non-geostrophic high shear zone below the ML, e.g. 503 

Figure 7b) and -1062m. When |𝑅𝑜𝑔| > 1, 1 + 𝑅𝑜𝑔 − 𝑅𝑖𝑔
−1 < 0, or 𝑅𝑖𝑔

−1 > 4, 𝜔𝑚𝑖𝑛 𝑓⁄  504 

was not used.  505 
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 506 

5. Conclusion and Discussion 507 

  The role of near-inertial wind energies, which dissipate locally below the surface ML, 508 

on the climate system is studied by adopting the parameterization developed by Jochum 509 

et al. (2013) to a coarse-forward OGCM forced by assimilated forcing fields (ESTOC; 510 

Osafune et al. 2015) and integrating it for 58 years with the six-hourly wind data of the 511 

NCEP/NCAR reanalysis (Kalnay et al. 1996). We compared the parameterization with an 512 

EM-APEX float observation. Our conclusions are summarized as follows: 513 

 The OGCM reproduces the near-inertial oscillations in the ML after storms as well 514 

as subsequent radiations of the near-inertial internal waves. The near-inertial 515 

waves radiating from the ML are low-mode internal waves whose meridional 516 

wavenumbers are influenced by the beta effect.    517 

 The ratio, 𝛼∗ = ∫
𝜕𝐾𝐸𝑀𝐿

𝜕𝑡
𝑑𝑡 ∫ 𝝉 ∙ 𝑼𝒊 𝑑𝑡⁄ , in the ML was examined with the OGCM. 518 

The wind energy input to the world ocean, ∫ 𝝉 ∙ 𝑼𝒊 𝑑𝐴, in January 1957 is 0.22 519 

TW and the monthly average global ∫ 𝐸𝑓𝑙𝑢𝑥 𝑑𝐴 estimated from the last term of 520 

Eq. (3) with 𝛼∗ = 0.2 in January 1957 is 0.26 TW. Both exclude the equatorial 521 

region (5°N-5°S).  522 

 Above estimated 𝐸𝑓𝑙𝑢𝑥 was used to diagnose the vertical diffusivities due to near-523 

field wind mixing, which enhances the diffusivities below the ML. A comparison 524 

between four cases (CTRL, HFW-nJ, HFW-J, and HFW-Jh as explained in Section 525 

2) in the final year suggests that the high-frequency winds cause warming above 526 

the main thermocline. The parameterized diffusivities, 𝑘𝑛𝑖𝑤, increase around the 527 

equator, and it is consistent with Jochum et al. (2013). Since the east low–west 528 
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high SST contrast in the Pacific and Atlantic Oceans in the HFW-Jh case can be 529 

caused by an adjustment to the vertical mixing around the equator, the better 530 

understanding of near-inertial motions in the equatorial region is required. 531 

 We investigated the possible effects of near-field wind mixing due to storm track 532 

activities in the North Pacific, which are modulated by the Aleutian low on the 533 

decadal scale. We applied the parameterization, excluding 20°N–20°S, to isolate 534 

effects of the Aleutian low. The regression coefficient to the PDO index decreases 535 

and increases in the shallower and deeper depths, respectively, at the center of the 536 

PDO. Thus, vertical water exchange by vertical mixing transfers the PDO signal 537 

into the deeper layer.  538 

 Due to the possible importance of near-field wind mixing on the climate system, 539 

we evaluated the parameterization by the EM-APEX observation. The EM-APEX 540 

float observed an abrupt and local propagation of the near-inertial internal waves 541 

within NPSTMW and shear instabilities in the layer between the NPSTMW and 542 

NPIW in the KEx for 460 km along its trajectory. Even after considering the WKB 543 

stretching, the vertical diffusivities inferred from the parameterization do not 544 

reproduce the enhanced diffusivities in the deeper layer inferred from EM-APEX 545 

float measurements. Ray tracing of near-inertial waves near the KEx indicates that 546 

these instabilities are caused by wave trapping where low-mode energies are also 547 

dissipated. Therefore, vertical diffusivities due to trapping of the near fronts need 548 

to be parameterized separately.  549 

  Previous studies have concluded that near-inertial internal wave energies are not 550 

important for driving abyssal mixing because low-mode wave energies, which can reach 551 
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the main thermocline, are small. However, this study shows that wave energies can 552 

change the subsurface temperature fields and that the effects are modulated according to 553 

storm tracks, possibly on decadal time scales. Additionally, the trapping of near-inertial 554 

waves enhances local mixing in the main thermocline. Hence, the near-inertial waves 555 

should be treated separately in the parameterization because this trapping process 556 

dissipates low-mode wave energies (e.g., Kunze 1985). Consequently, a new 557 

parameterization for the trapping near fronts needs to be developed. We also note that it 558 

is possible to increase the kinetic energy of waves through an interaction with a mean 559 

flow (e.g., Lee and Niiler 1998). Finally, since the EM-APEX float did not measure 560 

turbulence directly, testing the parameterization by Jochum et al. (2013) using in situ 561 

microstructure measurements should be investigated in the future. We also speculate that, 562 

as stated by Jochum et al. (2013), understanding near-inertial motions near the equator is 563 

important to better understand the climate system.  564 
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Appendix A. Ray path of near-inertial internal waves 573 

The intrinsic frequency of near-inertial waves near ocean fronts is defined as (Kunze, 574 

1985)  575 

      𝜔 ≈ 𝑓𝑒𝑓𝑓 +
𝑁2𝑘𝐻

2

2𝑓𝑚2
+

1

𝑚
(

𝜕𝑢𝑔

𝜕𝑧
𝑙 −

𝜕𝑣𝑔

𝜕𝑧
𝑘)       (𝐴1). 576 

Here, 𝑓𝑒𝑓𝑓 ≈ 𝑓 + 𝜁𝑔 2⁄ ，𝜁𝑔 = 𝜕𝑣𝑔 𝜕𝑥⁄ − 𝜕𝑢𝑔 𝜕𝑦⁄ , and 𝑘𝐻
2 = 𝑘2 + 𝑙2，where 𝑘, 𝑙, and 577 

𝑚 are the zonal, meridional, and vertical wavenumbers, respectively. Trapping of inertial 578 

waves occurs when 𝜔 is equal to the minimum frequency, which is defined by Whitt 579 

and Thomas (2013) as 580 

         𝜔𝑚𝑖𝑛 = 𝑓√1 + 𝑅𝑜𝑔 − 𝑅𝑖𝑔
−1 ≈ 𝑓 (1 +

𝑅𝑜𝑔−𝑅𝑖𝑔
−1

2
)       (𝐴2).      581 

Here, 𝑅𝑜𝑔 = 𝜁𝑔 𝑓⁄ , 𝑅𝑖𝑔 = 𝑁2 [(𝜕𝑢𝑔 𝜕𝑧⁄ )
2

+ (𝜕𝑣𝑔 𝜕𝑧⁄ )
2

]⁄  and −1 < 𝑅𝑜𝑔 − 𝑅𝑖𝑔
−1 ≪582 

1. (A1) becomes (A2) when the oscillations are along a constant buoyancy surface. Using 583 

the intrinsic frequency (𝐴1), the group velocities can be written as  584 

    𝐶𝑔
𝑥 =

𝜕𝜔

𝜕𝑘
≈

𝑁2𝑘

𝑓𝑚2 −
1

𝑚

𝜕𝑣𝑔

𝜕𝑧
                           (𝐴3),  585 

    𝐶𝑔
𝑦

=
𝜕𝜔

𝜕𝑙
≈

𝑁2𝑙

𝑓𝑚2 +
1

𝑚

𝜕𝑢𝑔

𝜕𝑧
                          (𝐴4),       586 

           𝐶𝑔
𝑧 =

𝜕𝜔

𝜕𝑚
≈ −

𝑁2𝑘𝐻
2

𝑓𝑚3 −
1

𝑚2 (
𝜕𝑢𝑔

𝜕𝑧
𝑙 −

𝜕𝑣𝑔

𝜕𝑧
𝑘)         (𝐴5). 587 

The ray equations are consistent with equations of the wavenumbers, 588 

    
𝑑𝒌

𝑑𝑡
= −∇𝜔𝐸                (𝐴6),  589 

where 𝒌 = (𝑘, 𝑙, 𝑚), ∇= (𝜕 𝜕𝑥⁄ , 𝜕 𝜕𝑦⁄ , 𝜕 𝜕𝑧⁄ ), and 𝜔𝐸  is the Euler frequency, and 590 

wave positions, 591 
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𝑑𝑥

𝑑𝑡
=

𝜕𝜔

𝜕𝑘
+ 𝑢𝑔 = 𝐶𝑔

𝑥 + 𝑢𝑔        (𝐴7), 592 

      
𝑑𝑦

𝑑𝑡
=

𝜕𝜔

𝜕𝑙
+ 𝑣𝑔 = 𝐶𝑔

𝑦
+ 𝑣𝑔        (𝐴8), 593 

     
𝑑𝑧

𝑑𝑡
=

𝜕𝜔

𝜕𝑚
= 𝐶𝑔

𝑧                 (𝐴9). 594 

To solve the ray equations, we assume that the current is only in the zonal direction, 595 

the cross current section is in the meridional direction, and 𝑓 is a constant. Since our 596 

goal is to demonstrate the possibility of inertial-wave trapping between NPSTMW and 597 

NPIW, we arbitrarily set the meridional wavelength to 50 km to numerically integrate the 598 

ray equation because this value corresponds to the width of the negative relative vorticity 599 

region and a vertical wavelength of 100 m. We also set a zonal wavelength to 0 to avoid 600 

a doppler shift. 601 
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 701 

Figure 1. Vertically integrated structure functions for (a) 𝜂 = 2000 m, (b) 𝜂 = 200 m, 702 

and (c) 𝜂  = 20 m as functions of the ML depth (the thick dashed line, −ℎ). The 703 

integration is started from the ML depth to each depth. Structure function 𝐹 with (d) 𝜂 704 

= 2000 m and (e) 𝜂 = 40 m. Bottom depth −𝐻 = −5000 m is used in the calculation. 705 

 706 

  707 
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 708 

Figure 2. Time series of (a) wind stress, |𝜏| = (𝜏𝑥
2 + 𝜏𝑦

2)
𝟏 𝟐⁄

, (b) meridional velocity (m 709 

s-1), (c) surface meridional velocity of near-inertial currents, (d) Cumulative value of 𝝉 ∙710 

𝑼𝒊 , 𝜏 ∙ 𝑈𝐶 = ∑ 𝝉 ∙ 𝑼𝒊𝑡=0 , and (e) 𝐾𝐸𝑀𝐿  (magenta line), ∫ 𝝉 ∙ 𝑼𝒊 𝑑𝑡  (black), and 711 

∫ 𝐸𝑓𝑙𝑢𝑥 𝑑𝑡 (red) at 174.5°E and 49.5°N. x-Axis indicates the elapsed time from the start 712 

of the numerical simulation, 1957/1/1. Contour lines in (b) are  with a contour interval 713 

of 0.1 kg m-3. 714 

 715 
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 716 

Figure 3. Same as Fig. 2 but for 31.5°N. 717 

 718 

 719 
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 721 

Figure 4. Horizontal distributions of (a) 𝐸𝑓𝑙𝑢𝑥 in the HFW-Jh estimated by Eq. (3) and 722 

(b) 𝝉 ∙ 𝑼𝒊 in the HFW-nJ estimated by the band-passed surface velocities for every three 723 

hours. The log10 of magnitudes are shown. (c) Zonal average of the 𝐸𝑓𝑙𝑢𝑥 (blue line) and 724 

that of 𝝉 ∙ 𝑼𝒊 (red line).  725 

 726 
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 727 

Figure 5. Vertical cross-sections of (a–e) meridional velocity fields and (f–j) bandpass-728 

filtered (between Coriolis frequencies of 30°N and 35°N) meridional velocities every 6 729 

days along 174.5°E. Hours at the top of each panel denote the elapsed time from the start 730 

of the numerical simulation. 731 
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 732 

Figure 6. Time series of the log10 values of the variances of meridional velocities in 9.5–733 

40.5°N and 143.5°E–179.5°W. Black line shows the wavenumber of − 𝑑𝑓 𝑑𝑦⁄ × 𝑇𝑖𝑚𝑒 734 

at 30.5°N. Geographical coordinate is used to calculate spectra. x-Axis indicates the 735 

elapsed time from the start of the numerical simulation. 736 

 737 

 738 

 739 
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 741 

Figure 7. Time series of (a) log10 of shear squared (sec-2) from the CTL and (b) the HFW-742 

J. Contour lines are  with a contour interval of 0.1 kg m-3. Magenta line is the ML base. 743 

x-Axis is the elapsed time from the start of the numerical simulation. Vertical profiles of 744 

(c) the monthly average total diffusivities used to calculate temperature fields, 𝑘𝑇, from 745 

the CTL (blue), HFW-nJ (red dashed), HFW-J (green dashed), and HFW-Jh (magenta 746 

dashed) at 174.5°E and 49.5°N.  747 
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 748 

Figure 8. Horizontal distributions of the differences between yearly average (final 58th 749 

year, 2014) temperatures (HFW-nJ minus CTL), at (a) -5 m, (b) -105 m, (c) -477 m, and 750 

(d) -719 m. Those of HFW-J minus HFW-nJ at (e) -5 m, (f) -105 m, (g) -477 m, and (h) -751 

719 m. Those of HFW-Jh minus HFW-nJ, at (i) -5 m, (j) -105 m, (k) -477 m, and (l) -719 752 

m. 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 
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 762 

 763 

 764 

Figure 9. Horizontal distributions of (a) the EOF first mode of the observation and the 765 

regression coefficient between the PDO index and SST from (b) CTL and (c) HFW-nJ in 766 

the North Pacific.  767 

 768 

(a) 
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 769 

770 

 771 

Figure 10. (a) Horizontal distributions of the regression coefficient from CTL (black line) 772 

and the differences of the coefficients between the HFW cases (HFW-J minus HFW-nJ, 773 

colored area). Vertical cross-section along 170°W for the (b) HFW-J and (c) HFW-Jh. 774 

Black line and colored area are the same as (a).  775 

(a) 

(c) 

(b) 
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 776 

Figure 11. (a) PDO index, and time series of (b) the SST anomaly from CTL averaged 777 

over the black box in Figure 10(a) where the composite monthly mean is subtracted, and 778 

(c) differences of the average SST anomaly between the HFW cases (HFW-J minus HFW-779 

nJ). Blue lines in (a)–(c) show the monthly means, and thick orange lines are the 13-780 

month running mean.    781 

 782 
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Figure 12. (a) Trajectory of the EM-APEX with the bottom topography. Color bar 784 

indicates the date in 2013. Time series of (b) zonal velocity, (c) meridional velocity, (d) 785 

high-passed (at 1cpd) near-inertial speed, (𝑈𝑖
2 + 𝑉𝑖

2)1 2⁄ , (e) inversed 𝑅𝑖, and (f) salinity. 786 

x-Axis is the date in 2013. Contour lines in (b–c) are the potential densities. Magenta 787 

lines in (d) and (e) are isotherms of 17 and 19°C, indicating the NPSTMW. White lines 788 

in (d) and (e) are potential densities of 1026.7 and 1026.9 kgm-3, indicating the NPIW. 789 

Magenta line in (f) indicates that 𝑅𝑖 is less than 1/4.   790 

 791 

 792 

 793 

 794 
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 797 
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 800 

Figure 13. Vertical profiles of (a) the vertical diffusivities estimated from the EM-APEX 801 

float data with Eq. (11) (black line) from (1) (blue line), and from Eq. (1) with Eq. (12) 802 

(red line), (b) fraction of shear instability during a storm event, (c) distribution function 803 

from Eq. (8) (blue line) and Eq. (12) (red line), and (d) log10 value of the buoyancy 804 

frequency from the EM-APEX float (black line) and 𝑁0 = 3 cph (black dashed line). In 805 

(a) and (c), WKB depth is estimated on the pressure coordinate, and the dashed line for 806 

𝜂 = 2000 m and solid line for 𝜂 = 20 m. In (a), the 95 % confidence limit for the 807 

diffusivities estimated from the EM-APEX float data (black thin line) is obtained by the 808 

bootstrapping method (Efron and Gong 1983). Here, we assume that velocity 809 

measurements include random noises and the bootstrap is applied on 〈𝜀〉 in Eq. (8) at 810 

each layer which has same sample number.  811 

 812 

 813 
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 814 

Figure 14. (a) Trajectory of the EM-APEX float on the sea surface height of the CMEMS 815 

reanalysis data. Magenta line shows the cross-section used in this study. Color bar 816 

indicates the date in 2013. Vertical cross-section of the (b) monthly mean speed, 817 

(𝑈2 + 𝑉2)1 2⁄ , (c) vertical component of the relative vorticity normalized with the local 818 

Coriolis frequency estimated at the same depth, (d) 𝑅𝑖𝑔
−1 calculated from the monthly 819 

mean fields, (e) vertical wavenumber of the near-inertial wave along the ray path, and (f) 820 

intrinsic frequency of the near-inertial wave normalized with 𝜔𝑚𝑖𝑛. Green and magenta 821 

contours are 1 + 𝜁𝑔 2⁄  and 𝜔𝑚𝑖𝑛 𝑓⁄ , respectively. y = 0 km corresponds to the 822 

southwest end of the cross-section in (a). 823 

 824 

10.1175/JPO-D-20-0281.1.Brought to you by IFREMER/BILIOTHEQUE LA | Unauthenticated | Downloaded 05/26/21 03:57 PM UTC



Accepted for publication in Journal of Physical Oceanography. DOI 

 47 

 825 

Figure 15. The horizontal distributions of (a) 𝑅𝑜𝑔 = 𝜁𝑔 𝑓⁄  at the sea surface (z = -0.5m) 826 

and (b) depth of the deepest layer where 𝜔𝑚𝑖𝑛 𝑓⁄  < 0.95 except for 10°N-10°S.  827 

 828 
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