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Model Predicted Distribution of Internal Wave Energy
for Diapycnal Mixing Processes in the Deep Waters
of the North Pacific
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Department of Earth and Planetary Physics, Graduate School of Science, The University of Tokyo, Tokyo 113-0033, Japan

Abstract.  Using a three-dimensional multi-level numerical model, we examine the distribu-
tion of internal wave energy available for diapycnal mixing in the deep waters of the North
Pacific.  It is demonstrated that energetic low-vertical-mode, near-inertial internal waves are
excited in the latitudes 30-45ºN in the western-central North Pacific by traveling midlatitude
storms during winter and at around 20ºN in the western North Pacific by tropical cyclones
during fall.  Thus-excited waves propagate equatorward down to the latitudes 10-15ºN where
the frequencies become twice the local inertial frequencies so that a large amount of energy is
considered to be transferred across the local internal wave spectrum down to small dissipation
scales by the mechanism of parametric subharmonic instability causing enhanced diapycnal
mixing.  The calculated results show that the low-vertical-mode, double-inertial-frequency
internal waves are very weak at the times and locations of previous microstructure measure-
ments, which suggests that the observed value of diapycnal diffusivity of about 10-5 m2s-1, an
order of magnitude lower than required to satisfy the large-scale advective-diffusive balance
of the thermohaline circulation, is not representative.

1. Introduction
It is demonstrated in the results from the oceanic gen-

eral circulation models that the strength of the large-scale
thermohaline circulation is intimately bound up with the
distribution and intensity of diapycnal mixing [Bryan,
1987, Gargett, 1984].  A recent numerical experiment, in
particular, has shown that in order to reproduce the ob-
served meridional overturning circulation, a diapycnal
diffusivity of the order of 10-4m2s-1 is necessary just be-
low the thermocline [Tsujino et al., 1999].  In contrast,
previous microstructure measurements including dye re-
lease experiments in the ocean interior show that diapyc-
nal diffusivity within the thermocline is about 10-5 m2s-1

[Toole et al., 1994; Sherman and Davis, 1995; Ledwell et
al., 1993], an order of magnitude lower than the value
required to satisfy the large-scale advective-diffusive bal-
ance of the thermohaline circulation [Munk, 1966].  Pre-
vious microstructure measurements, however, have been
carried out only in limited times and locations [Gregg,
1998] so that the global distribution of diapycnal mixing
rates remains unknown.

The mechanical energy to drive the ocean interior
mixing is considered to be originally supplied at large
scales by atmospheric forcing [Kundu, 1993; Rubenstein,
1994; Nilsson, 1995, Niwa and Hibiya, 1997] and tide-
topography interactions [Sjöberg and Stigebrandt, 1992],
and then transferred across the local internal wave spec-

trum down to small dissipation scales by nonlinear inter-
actions amongst internal waves.  An important fact to be
noted is that the deep-ocean internal wave spectrum has
much the same shape and level wherever it is observed,
unless the observations are made close to a strong source
of internal waves [Müller et al., 1978; Wunsch and Webb,
1979].  This universal spectrum was empirically modeled
as the Garrett and Munk spectrum (hereafter referred to as
the GM spectrum) [Garrett and Munk, 1972, 1975; Munk,
1981] which is believed to reflect the spectral features of
the internal wave climate in the deep ocean.

Hibiya et al. [1996] succeeded in numerically repro-
ducing the quasi-equilibrium internal wave field having
the actually observed GM-like spectrum with the roll-off
at vertical wavenumber 0.06 cycles per meter by calcu-
lating the nonlinear interactions over 7 inertial periods
among randomly phased linear internal waves with am-
plitudes determined from the GM model.  Hibiya et al.
[1998] then applied forcing to the low-frequency and low-
vertical-wavenumber portion of the reproduced internal
wave spectrum in the form of a spectral bump as an initial
condition and showed that the main energy for mixing
processes is supplied by low-vertical-wavenumber dou-
ble-inertial-frequency internal waves and is transferred
across the internal wave spectrum down to small dissipa-
tion scales by the resonant interaction termed parametric
subharmonic instability (hereafter referred to as PSI)
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[McComas, 1977; McComas and Bretherton, 1977;
McComas and Müller, 1981; Pomphrey et al., 1980].  It
was also shown that, in association with this energy trans-
fer, horizontally elongated structures of strong vertical
shear with vertical scale of a few tens of meters gradually
develop in the velocity field which must play a crucial
role as critical layers in diapycnal mixing processes (Fig-
ure 1).  This implies the dynamic balance of the internal
wave spectrum such that, with the increase of energy sup-

ply at low-vertical wavenumber double-inertial frequency,
high-vertical-wavenumber near-inertial current shear is
enhanced so that the rate of energy dissipation at critical
layers increases (Figure 2). Understanding of the sources
and variability of low-vertical-wavenumber double-
inertial-frequency internal waves is therefore a key in
constructing a predictive model of the rates of diapycnal
mixing associated with internal wave breaking in the
stratified interior of the world oceans.

In the present study, the generation and propagation of
low-vertical-wavenumber low-frequency internal waves
in the North Pacific are examined with the aid of a three-
dimensional multi-level numerical model. Based on the
numerically predicted energy distribution of low-vertical-
wavenumber double-inertial-frequency internal waves, we
discuss the spatial and temporal geography of diapycnal
mixing rates in the deep waters of the North Pacific.

2. Numerical Experiment
Figure 3 shows the model North Pacific with the east-

west and north-south sizes of 13000 km and 6600 km,
respectively, covering the area from 120ºE to 12ºW and
from 5ºS to 55ºN where realistic bottom topography from
ETOPO5 of the National Geophysical Data Center is in-
corporated.

The governing equations are the three-dimensional
Navier-Stokes equations under the hydrostatic, Boussi-
nesq approximations in the orthogonal coordinate system
given by
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Figure 1.  Contours of the horizontal current velocity
with the interval of 1 cm s-1 in the numerically reproduced
GM-like internal wave field [Hibiya et al., 1998].  Hori-
zontally elongated structures of strong vertical shear with
vertical scale of a few tens of meters are found to develop
in association with the energy transfer under the PSI
mechanism.  These pancake-like structures are considered
to play an important role as critical layers in diapycnal
mixing processes.
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Figure 2.  Schematic figure showing the dynamic balance of
the internal wave spectrum wherein a downscale energy flux
into the high-vertical-wavenumber near-inertial portion of the
spectrum under the PSI mechanism is balanced by energy
dissipation at critical layers formed by high-vertical-
wavenumber, near-inertial flows [Hibiya et al., 1996]. traveling midlatitude storms
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Figure 3.  The North Pacific Ocean model used in the
present study.
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where t is time; u, v, w are the velocity components in the
x, y, z directions, respectively; D Dt = ∂ ∂t
+u∂ ∂x +v ∂ ∂y +w ∂ ∂z  is the total time derivative;
∇ H

2 = ∂ 2 ∂x2 + ∂ 2 ∂y2 ; ′ ρ  is the density perturbation
from the background density profile; ρ0  is the reference
density; p is pressure; g is the acceleration due to gravity;
N is the buoyancy frequency calculated from the back-
ground density profile; f = 2Ω sin φ is the Coriolis pa-
rameter with Ω  the angular velocity of rotation of the
earth and φ the latitude; r is the Newtonian damping co-
efficient assumed only in the sponge layers near the north
and south boundaries, respectively; horizontal eddy vis-
cosity AH and horizontal eddy diffusivity KH are both as-
sumed to be 1 m2s-1; vertical eddy viscosity AV and verti-
cal eddy diffusivity KV are determined following the
Richardson-number formulation of Pacanowski and Phi-
lander [1981] such that

AV =
AV0

(1+5Ri )2 + AVb ,

KV =
AV

(1+ 5Ri )
+ KVb ,

Ri =
N 2

(uc
2 + vc

2 )
where uc = ∂u ∂z  and vc = ∂v ∂z , and we assume AV0 =
10-2 m2s-1 and AVb = KVb = 10-4 m2s-1.  Background density
field for each season is calculated from the salinity and
temperature data of the National Oceanographic Data
Center's World Ocean Atlas [Levitus and Boyer, 1994;
Levitus et al., 1994].  The obtained seasonal density pro-
file is then linearly interpolated to each time-step.

We employ the wind vectors at 10 m height above sea
surface U10 for September 1991 - October 1992 from the
Global Objectively Analyzed Data compiled by the Japan
Meteorological Agency that is available at time intervals
of 6 hours with grid spacings of 1.875º × 1.875º.  The
surface wind stress is calculated using the bulk transfer
formula,

τ = ρaCDU10U10

where ρa  is the density of air, U10 is the 10 m wind speed.
Following Large and Pond [1981], the drag coefficient

Figure 4.  Monthly-averaged distribution of wind stress magnitude (dyn cm-2) where the components with timescales
longer than 6 days are filtered out.  Contour interval is 1 dyn cm-2.
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CD is given by
CD =1.14 ×10−3              U10 ≤ 10ms−1

   CD = (0.49 + 0.065U10 ) ×10−3   U10 >10ms−1

Figure 4 shows the monthly-averaged distribution of
the wind stress magnitude where the components with
timescales longer than 6 days are filtered out.  We can
find strong wind stress forcing in 30-45ºN in the western-
central North Pacific from November to March associated
with traveling midlatitude storms.  In addition, some local
wind stress forcing of significant magnitude is found in
October at around 20ºN in the western North Pacific
which is associated with tropical cyclones.

The governing equations are solved by using finite-
difference method on 708 × 360 × 28 grids with horizon-
tal resolution of 18.5 km (1º/6) and vertical resolution
varying from 25 m for each of the top four levels up to
1600 m at depth.  The sidewalls are assumed to be rigid.
To eliminate the reflection of internal waves from the
north and south boundaries, the Newtonian damping rate r
in the sponge layer of 550 km (5º) width is increased line-

arly up to 1/(24h) as each boundary is approached.
The model is run from an initial state of rest with a

time-step of 600 s under wind stress forcing applied as a
surface boundary condition.  To avoid nonlinear numeri-
cal instability, the Euler-backward scheme is applied 5
times successively every 60 time-steps.

3. Results and Discussion

(a) Midlatitude storms in the western-central North
Pacific

As has been theoretically shown by many investigators
[Geisler, 1970; Price, 1983; Gill, 1984; Price et al., 1994;
Greatbatch, 1983, 1984], near-inertial internal waves are
left behind the traveling atmospheric disturbances so that
significant near-inertial energy is considered to be excited
in the midlatitude band during winter.  Figure 5 shows an
example for the propagation of the first-vertical-mode
near-inertial internal waves excited behind the traveling
midlatitude storms in December where areas of signifi-

Figure 5.  The propagation of the first-vertical-mode near-inertial internal waves excited behind the traveling midlatitude
storms in December 1991.  Areas where the vertically integrated internal wave energy is more than 106 erg cm-2 are shaded.
Superimposed are contours of wind stress curl with the interval of 6.5 × 10-8 dyn cm-3.  Negative values are denoted by
dashed contours.
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cant wave energy are shaded.  Superimposed are the con-
tours of wind stress curl.  We can see that large-amplitude
first-vertical-mode near-inertial internal waves are gener-
ated behind the midlatitude storm on December 7 and
thereafter propagate equatorward because the poleward
propagation is limited by the β effect.

The propagation of the first-vertical-mode near-inertial
internal waves generated at midlatitudes (30-45°N) can be
clearly tracked in the two-dimensional horizontal-
wavenumber energy spectra calculated for various latitu-
dinal bands in 155°E-165°W (Figure 6).  On December 7,
the spectral peak corresponding to the excited near-
inertial internal waves is found in the spectrum for 30-
40ºN.  As time proceeds, the spectral peak can be found in
successively lower latitudinal band with the magnitude
slowly decreasing and the corresponding north-south
wavenumber gradually increasing.  By December 21, the
spectral peak can be tracked down to the latitudes 10-
20°N.  A particularly noticeable fact is that the frequen-

cies of these propagating internal waves become twice the
local inertial frequencies in 10-15°N in the western-
central North Pacific, so that a large amount of energy is
considered to be transferred across the local internal wave
spectrum down to small dissipation scales by the PSI
mechanism causing enhanced diapycnal mixing.

(b) Tropical cyclones in the western North Pacific

Nearly the same situation is found to occur at low lati-
tudes in the western North Pacific in October.  As is
shown in Figure 7, large-amplitude first-vertical-mode
near-inertial-frequency internal waves are excited behind
the tropical cyclone at around 20ºN in October.  These
excited internal waves thereafter propagate equatorward
down to the latitudes around 10ºN where the wave fre-
quencies become twice the local inertial frequency as is
clearly identified in the corresponding two-dimensional
horizontal-wavenumber energy spectra for various latitu-

Figure 6.  Two-dimensional horizontal-wavenumber spectra (erg cm-2 cpm-2) of the vertically integrated energy of the first-
vertical-mode near-inertial internal waves excited at midlatitudes (30-45ºN) that are calculated for various latitudinal bands in
155ºE-165ºW.  Note that spectral values are contoured with intervals of 1.0 in the logarithm (i.e., a factor of 10).  Spectral val-
ues more than 10 % of the maximum over December 7-21 are shaded.  Superimposed on each spectrum is the dispersion curve
for the first-vertical-mode internal wave with the frequency ω=2f (solid line) and ω=3f (dashed line) where f is the local inertial
frequency.
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dinal bands in 140-180ºE (Figure 8).  At around 10ºN in
the western North Pacific, therefore, large amount of en-
ergy is considered to be transferred across the local inter-
nal wave spectrum down to small dissipation scales by the
PSI mechanism causing enhanced diapycnal mixing.

(c) Spatial and temporal distribution of double-inertial
frequency waves

Figure 9 shows the monthly-averaged energy distribu-
tion for the low-vertical-modes double-inertial-frequency
internal waves in the North Pacific from September 1991
through August 1992 which is predicted from the present
numerical experiment.  As is mentioned above, energetic
near-inertial-frequency waves are generated in 30-45ºN in
the western-central North Pacific by traveling midlatitude
storms during winter and at around 20ºN in the western
North Pacific by tropical cyclones during fall.  The inter-
nal waves thus excited then propagate equatorward down
to the latitudes where the frequencies become twice the
local inertial frequencies.  In particular, the vertically in-
tegrated energy of the low-vertical-modes internal waves

with the frequency 2f<ω3f (f is the local inertial fre-
quency) in 10-15ºN in the central North Pacific reaches
about three times the corresponding value for the GM
internal wave field in January, and that in 5-10ºN in the
western North Pacific reaches about ten times the corre-
sponding value for the GM internal wave field in October.
Large amount of energy is thus available for diapycnal
mixing in 10-15ºN in the western-central North Pacific
during winter and at around 10ºN in the western North
Pacific during fall.

Now the locations of previous microstructure meas-
urements [Gregg, 1998] are superimposed on the energy
distribution of the low-vertical-modes double-inertial-
frequency internal waves in Figure 9.  Previous micro-
structure measurements in the ocean interior were carried
out in the eastern North Pacific or north of 27°N in the
western-central North Pacific mostly during spring and
summer and showed a diapycnal diffusivity of about 10-5

m2s-1, an order of magnitude lower than the value pre-
dicted by most thermohaline ocean circulation models.
The present numerical experiment provides a possible

Figure 7.  The propagation of the first-vertical-mode near-inertial internal waves excited behind the tropical cyclone at
around 20ºN in October 1991.  Areas where the vertically integrated internal wave energy is more than 106 erg cm-2 are
shaded.  Superimposed are contours of wind stress curl with the interval of 6.5×10-8 dyn cm-3.  Negative values are denoted
by dashed contours.
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Figure 8.  Two-dimensional horizontal-wavenumber spectra (erg cm-2 cpm-2) of the vertically integrated energy of the first-
vertical-mode near-inertial internal waves excited behind the tropical cyclone at around 20°N that are calculated for various
latitudinal bands in 140-180°E.  Note that spectral values are contoured with intervals of 1.0 in the logarithm (i.e., a factor of
10).  Spectral values more than 20 % of the maximum over October 8-16 are shaded.  Superimposed on each spectrum is the
dispersion curve for the first-vertical-mode internal wave with the frequency ω = 2 f (solid line) and ω = 3f (dashed line) where
f is the local inertial frequency.
xplanation for this discrepancy because the numerically
redicted energy levels for the low-vertical-modes dou-
le-inertial-frequency internal waves are shown to be ex-
remely low at the times and locations of the previous
icrostructure measurements (Figure 9).

. Conclusion
Energy applied to the internal wave spectrum at large

cales is most effectively transferred to small dissipation
cales by parametric subharmonic instability.  The low-
ertical-modes double-inertial-frequency wav-es, there-
ore, provide main energy for diapycnal mixing processes
n the deep ocean.  The present numerical experiment has
learly shown that energy distribution of low-vertical-
odes double-inertial-frequency waves in the North Pa-

ific exhibits significant spatial and temporal variability;
hey become energetic in the latitudes 10-15°N in the

western-central North Pacific during winter and at around
10°N in the western North Pacific during fall.

Previous microstructure measurements in the ocean
interior were carried out in the eastern North Pacific or
north of 27°N in the western-central North Pacific mostly
during spring and summer.  Considering that the numeri-
cally predicted energy levels of the low-vertical-modes
double-inertial-frequency internal waves are extremely
low at these times and locations of the previous micro-
structure measurements, the observed value of diapycnal
diffusivity of about 10-5 m2s-1, an order of magnitude
lower than required to satisfy the large-scale advective-
diffusive balance of the thermohaline circulation, cannot
be representative.

It is believed that the barotropic tidal current interact-
ing with bottom topography can be another important
source of the mechanical energy to drive diapycnal mix-
ing.  In particular, semidiurnal internal tides generated at
latitudes lower than 30º are considered to be significant
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Figure 9.  Monthly averaged distribution of the vertically integrated energy (erg cm-2) of the low-vertical-modes (first-third ver-
tical-modes) internal waves with the frequency 2f< ω <3f (f is the local inertial frequency) in the North Pacific predicted from
the present numerical experiment.  Note that energy values are contoured with intervals of 1.0 in the logarithm (i.e., a factor of
10).  Areas where the value is more than 5 % of the maximum over September 1991 to August 1992 are shaded.  Superimposed
by crosses are the locations of previous microstructure measurements.
[Munk, 1997], since the spectral cascade of their energy
down to small dissipation scales is promoted by the PSI
mechanism.

Continuing with this line of approach, we are currently
examining the spatial and temporal energy distribution of
low-vertical-modes double-inertial-frequen-cy internal
waves in the world oceans with the aid of three-
dimensional numerical model which takes account of re-
alistic atmospheric forcing as well as tide-topography
interactions.  The results of these numerical experiments
will guide attempts to determine the global structure of
diapycnal mixing prerequisite for the realistic parameter-
ization that can be incorporated into the oceanic general
circulation models.
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