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Abstract Numerical experiments show that in a zonally symmetric model of a tropical ocean forced
only by transient winds both inertia-gravity wave activity and the energy dissipation rate have a
pronounced maximum in the pycnocline close to the equator regardless of the latitudinal distribution of
the energy input into the ocean’s mixed layer. We consider a number of factors that determine the spatial
distribution of mixing and find that equatorial enhancement is due to a combination of three factors: a
stronger superinertial component of the wind forcing close to the equator, wave action convergence at
turning latitudes for equatorially trapped waves, and nonlinear wave-wave interactions between
equatorially trapped waves. The most important factor is wave action convergence at turning latitudes.

1. Introduction

Ocean mixing plays a very important role in climate dynamics on time scales ranging from a few weeks to
many decades. The processes that cause mixing, however, are generally not resolved in climate models or
even stand-alone oceanic general circulation models. It is therefore important to connect these processes
to resolvable large-scale dynamics, so that mixing can be accounted for correctly in simulations. While the
mixing processes that dominate in the unstratified mixed layer (i.e., mixing due to momentum and buoy-
ancy fluxes at the air-sea interface) are relatively well understood, mixing processes that occur in the ocean
interior away from the boundaries are not. These form the focus of this study.

To keep the experiments computationally inexpensive and the dynamics amenable to simple analysis,
we only consider a zonally symmetric setting in which there is no variation in the east-west direction.
Let the state of the ocean be characterized by the free surface elevation {(y, t), density field p(y, z, t), and
three-dimensional velocity field v(y,z,t) = [u,w](y,z,t), where u is the horizontal and w is the vertical
components of the velocity vector, y is the meridional (northward) coordinate, z is the vertical (upward)
coordinate, and ¢ is time. Let p. be some constant reference density close to the mean density of the fluid
and g be the gravitational acceleration. To simplify the equations, it is useful to introduce the buoyancy field
by,z,t) = —(g/p-)p(¥,z,t). Mixing in the interior is believed to be primarily caused by dynamic instabili-
ties similar to those that occur in steady parallel shear flows when the vertical shear of the horizontal flow

= |0u/dz|? exceeds the buoyancy frequency N?> = 9b/dz by more than a factor of 4 or, in other words,
when the Richardson number Ri = N? /S2 is less than a quarter (Howard, 1961; Miles, 1961). If a similar
stability criterion holds for more complex time-dependent flows, then interior mixing in the ocean should
be associated with features that have a small vertical scale and a relatively large velocity magnitude. We will
refer to such features as small vertical scale features, or SVSs (cf. Natarov & Richards, 2015). In situ observa-
tions, such as high-resolution profiles of the horizontal velocity and kinetic energy dissipation rate, suggest
that levels of mixing are indeed correlated with the levels of SVS activity, at least at depths above 300 m
in the western equatorial Pacific Ocean (Richards et al., 2012, 2015) and elsewhere in the equatorial ocean
(cf. Gregg et al., 1985; Moum et al., 1989).

Theoretical and modeling studies show that the two major sources of SVSs are instabilities of swift equatorial
currents (Natarov et al., 2008; Natarov & Richards, 2009, 2015) and oscillations in the mixed layer that occur
after strong transient wind events (cf. D'Asaro, 1989; Gill, 1984). Away from the equator such oscillations in
the mixed layer are called near-inertial oscillations: Their frequency is set by the value of the local Coriolis
parameter f; the only frequency at which free oscillations can exist in an unstratified mixed layer under
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the hydrostatic approximation. As near-inertial oscillations modulate the depth of the base of the mixed
layer, they induce inertial pumping (Gill, 1984) and radiate energy into the ocean interior in the form of
near-inertial waves (NIWs) that propagate both vertically and horizontally. However, close to the equator
the inertial period becomes very long, and it is interesting to assess whether the inertial pumping scenario
still adequately describes the main mechanism of internal wave generation.

In this study we focus on SVSs and mixing produced by transient winds. In section 2 we describe a simple
zonally symmetric tropical ocean model. The connection between the inertia-gravity wave (IGW) activity
and kinetic energy dissipation inferred from parameterized vertical eddy diffusivity in model integrations
are discussed in section 3. One puzzling phenomenon observed in our simulations is the confinement of
the elevated levels of both IGW activity and kinetic energy dissipation rate to the vicinity of the equator
even in the case when the largest input of wind energy occurs far away from the equator. In section 4 we
examine various hypotheses that may explain the equatorial enhancement of SVS activity and kinetic energy
dissipation using ray tracing and wave action conservation. To further test the proposed mechanisms in a
more controlled setting, we conduct a series of idealized wind burst experiments. The main findings are
summarized and discussed in section 5.

2. Ocean Model

We study the evolution of a stratified flow on the equatorial g plane. The fluid is assumed to be incompress-
ible and governed by the Boussinesq approximation (Vallis, 2006):

ov

E=—v-Vv—va—V¢+b12+vV2V+Dv (1a)
ad—f =—v- VT +x;V?T + Dy, (1b)
V.v=0, (10
b=b,+a(T-T,), 1d)

where v denotes velocity, f = [0, 0, fy] is the Coriolis parameter, ¢ = p/p- is the geopotential (and p is
pressure), b is the (reference) buoyancy, k is the unit vector in the direction of the increasing vertical coor-
dinate, T is the (reference) temperature, a is the thermal expansion coefficient of the sea water, {v, x}
are the molecular {momentum, temperature} diffusivities, and D, represents fluxes due to unresolved pro-
cesses (including but, in general, not confined to turbulence). The spatial coordinates are y (oriented from
south to north) and z (bottom to top). The equations are solved on a model domain which is 4,000 km wide
in the meridional direction and is centered on the equator. No-flux boundary conditions are imposed at the
northern and southern boundaries. The ocean bottom is placed at a uniform depth of 1,000 m.

To filter out double-diffusive processes and complications due to the nonlinearity of the equation of state,
we chose the equation of state to be linear and a function of temperature alone. The governing equations
can therefore be written as

ov

E=—v~Vv—fxv—V¢+bﬁ+vV2v+Dv (2a)
aa_z; = —v-Vb+x,V?b + D, (2b)
V.v=0, (2¢)

where k, = aky is the molecular diffusion coefficient for buoyancy and D, is the buoyancy flux due to
unresolved processes. We s et all molecular diffusion coefficients to 0, so that all dissipation and diffusion
that occur in the model is due to the unresolved, parameterized processes to be discussed shortly.

The initial stratification profile is shown in Figure 1 (the initial buoyancy field is independent of y). From
top to bottom it consists of the surface mixed layer (the upper 20 m) separated by a sharp density jump
from a weakly stratified transition layer between 20 and 200-m depths, pycnocline (between 200 and
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0 300 m), and weakly stratified subpycnocline (between 300 to 1,000 m).
Similar stratification often occurs in the western equatorial Pacific Ocean
(cf. Richards et al., 2012).
—2007 1
The only forcing in the model is the wind stress. To construct the forcing,
we use the ERA-interim wind product. It has temporal resolution of 6 hr
= —400 1 and horizontal resolution of approximately 125 km. The wind stress field
& 7 is estimated from the wind velocity at 10-m height, U, = [U;m» Vigm]
A 600! i using the parameterization
? = paircd |U10m| U10m7 (3)
—-800f . . .
where p,;, = 13 kg/m® is the density of air and ¢, =
(0.44 +0.063m™" - 571 |Uy,|) x 1073 is the drag coefficient (Stewart,
—10000 1 2 3 4 5 6 2005). If the wind stress had a steady component, a zonally symmet-
2 2 4 ric model would develop unrealistically strong currents (cf. McCreary,
N% 1s x 10 1981). To circumvent this problem, we remove the temporal mean over
Figure 1. The initial background buoyancy frequency profile used in the the model integration period from the forcing.

numerical experiments.

In each case the model is run for 244 days, which appears to be a sufficient

amount of time necessary for the IGWs to populate the ocean interior.
Experiments are conducted for two periods: 1 April to 30 November 2008 (Period I) and 1 January to 31
August 2007 (Period II). For Period I the strongest transient winds occur primarily on the equator, whereas
for Period II the strongest winds are observed in the Southern Hemisphere well off the equator.

To carry out the numerical experiments, we use the Regional Ocean Modeling System (ROMS; Shchepetkin
& McWilliams, 2005) with 4-km resolution in the meridional direction. ROMS is a ¢ coordinate model, and
our vertical resolution varies from 0.8 m in the upper layers to 8 m at the bottom. The resolution in the
pycnocline ranges from 3.7 to 4.3 m, and the model has 25¢ levels between 200- and 300-m depths.

To mimic the underresolved Kelvin-Helmholtz instability that may occur within a given grid cell, we turn
on a turbulent mixing parameterization scheme of a type proposed by Large et al. (1994), which consists
of adding a vertical eddy diffusivity coefficient v.qq to the background second-order vertical viscosity and
diffusion coefficients (see values for v, and k, in Table 1). The eddy viscosity coefficient is given by

Veaay = Vo|1 — 4R, @

whenever the local instantaneous Richardson number Ri = b,/ (uz . uz) drops below 1/4. Both the turbulent
eddy viscosity and diffusivity are modeled using this mixing parameterization scheme, which is essentially a
modified k-profile parameterization (KPP) scheme with parameters more appropriate to our model resolu-
tion. The value of the horizontal viscosity v, is set to 5 m?/s. To ensure numerical stability at subgrid scales,
we also use a fourth-order horizontal hyperviscosity with the coefficient v, , equal to 10'° m*/s. These and
other parameters are listed in Table 1.

In the mixed layer, the eddy diffusivity coefficient is parameterized using the semiempirical Monin-Obukhov
similarity theory, as described in Large et al. (1994). The general formulation involves surface buoyancy flux

Table 1

Parameters Used in the Numerical Experiments Using ROMS

Parameter Notation Value Units
grav. acceleration g 9.78 m/s?
Coriolis parameter gradient B 2.28 x 1071 m~l.s7!
Background vert. viscosity Vp 0 m?/s
Background vert. diffusivity Kp 0 m?/s
Max. vert. eddy viscosity Vo 1073 m?/s
Max. vert. eddy diffusivity Ko 1073 m?/s
Horizontal viscosity Vi 5 m?/s
Horizontal hyperviscosity V4 1010 m*/s
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Figure 2. Wind energy flux into the ocean as a function of time and latitude (contour plots) and its temporal average
(solid black lines). The upper panel corresponds to Period I (from 1 April to 30 November 2008), and the lower panel
corresponds to Period II (from 1 January to 30 August 2007). During Period I most of the wind energy input into the
ocean occurs close to the equator, whereas during Period II most of the wind energy input occurs in the Southern
Hemisphere.

By, which is 0 in our study. Therefore, the actual parameterization that we use can be described as follows.
First, the depth of the mixed layer base, z,,,, is determined as the minimum between the Ekman depth z,
and the shallowest depth z;, ;4 at which the bulk Richardson number Ri;, becomes critical, that is, drops
below 1/4:

Zme = MiN {ZE’ ZRib<1/4} . (5)

The Ekman depth is given by z; = 0.7u./f, where

is the friction velocity.

The bulk Richardson number is defined as

i~ (D) =)=z -

b
() —u/?
where { is the free surface elevation and (-) denotes the average over the upper 10% of the mixed layer depth.

The eddy diffusivity above z,,, is then calculated using

(s _ (-2 ¢-2

where w. is the turbulent vertical velocity and G is an empirical nondimensional shape function with a free
parameter that allows it to match the eddy viscosity just below the base of the mixed layer depth z,,,,.
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3. Experiments

3.1. Energy Balance

As discussed in the previous section, the only forcing in our model is the wind stress with a zero temporal
mean. Figure 2 shows the rate of wind energy input into the mixed layer (i.e., W=z v,, where W denotes
the rate of wind work per unit of free surface area, 7 = [z, 7,]is the wind stress vector, and vy is the ocean
velocity vector at the free surface) during Periods I and II. Input of energy into the ocean occurs via energetic
wind bursts each lasting a few days. The wind bursts are meridionally coherent over a horizontal scale of
several hundred kilometers and the wind energy flux into the ocean can reach values up to 50 mW/m?2.
While the wind stress itself has zero temporal mean in our setting, the total wind work over the integration
period does not: The time-averaged wind input has a maximum close to the equator during Period I and in
the Southern Hemisphere during Period II, as shown by solid black lines in Figure 2. For this reason we will
also refer to Period I as the “equatorial wind” and Period II as the “off-equatorial wind” cases below.

Interestingly, averaged over time and latitude, the wind energy flux into the ocean is approximately
2.7 mW/m? for both the equatorial and off-equatorial wind cases. Integrated over 244 days, the wind pumps
into the ocean approximately 57 kJ of energy per square meter of the horizontal surface area. To determine
the partition of this energy between the mixed layer and ocean interior, as well as to make some progress
toward estimating the rate of emission of IGW energy from the mixed layer into the ocean interior, we pro-
ceed as follows. The total energy density field for the Boussinesq fluid under the hydrostatic approximation
is given by

Eix,t) = KXx,t) + P(x,t), 9)

where

%

K=%p.u~u (10)

is the kinetic and

P=pgz 1)
is the potential energy density. The balance for the total energy density field, E(x, t), can be written as

‘Z—f+vh-Fh+aa—i”=GE+DE, (12)
where subscript & denotes horizontal components and subscript v stands for the vertical component of the
vector field, so that we can write the spatial coordinate as x = [x;, z], and the total energy density flux vector
asF = [Fh,Fv]. The terms G and Dy, on the right-hand side represent generating sources and dissipating
sinks, respectively. Energy density dissipation, D, can be partitioned into dissipation due to horizontal and
vertical viscosity, with

D, =D, +D,. (13)

The energy density flux vector is given by

F=v(E+p). (14)

It is convenient for our purposes to partition the total energy of the system into the energy contained in the

mixed layer, E,,,,, and in the ocean interior, E;,;, where

¢
Epp (%5.1) = / dzE (xy,.2.1) (15a)
Z

mé

Bt (Xpot) = [ " deE (Xp.2.t) - (15b)

H

The fields E,,, and E,,; have units of energy per unit area. A similar decomposition can be performed sep-
arately for K, P, F, D,, and D, to construct horizontal densities of various types of energy (i.e., kinetic,
potential, flux, horizontal dissipation, and vertical dissipation).
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Figure 3. Total energy partition as a function of time. The upper panel shows the horizontal energy density through
the entire ocean depth; the lower panel shows horizontal densities in the ocean interior (i.e., below the mixed layer).
Dashed lines correspond to Period I (equatorial wind), and solid lines corresponds to Period II (off-equatorial wind).
Ocean interior contains almost all mechanical energy in the system (blue lines represent the kinetic energy and green
lines represent the potential energy), but most energy dissipation due to vertical mixing (red) occurs in the mixed layer.

Let A¢(t) denote the difference between a quantity ¢ at time ¢ and its initial value. The change with time in
total energy and its partition between changes in kinetic energy, AK, potential energy, AP, and cumulative
vertical dissipation D, are shown in Figure 3. Also shown is the wind work denoted by “Wind”. The upper
panel shows energies integrated over the entire ocean depth, and the lower panel shows the kinetic energy
and its dissipation due to vertical mixing in the ocean interior (i.e., below the base of the mixed layer).
Dashed lines correspond to equatorial winds, and solid lines correspond to off-equatorial winds. Note that
while the ocean interior contains most of the kinetic energy, most dissipation takes place in the mixed layer.
Energy dissipation in the ocean interior plays a minor role in the overall energy balance.

The maximum kinetic energy is achieved in the middle of the integration for both periods. After that the
ocean is losing kinetic energy. Because the mean winds have been removed from the system, average forc-
ing is zero at each latitude. However, there is irreversible energy dissipation, with most energy dissipating
through vertical mixing in the mixed layer. Energy is also removed through negative wind energy flux close
to the equator during Period I and in the Southern Hemisphere during Period II. Almost all dissipation due
to horizontal mixing is due to hyperviscosity (not shown), and the results are therefore not unduly sensitive
to the choice of the horizontal viscosity coefficient v,,.

3.2. Eddy Viscosity
We assume that the magnitude of the eddy viscosity coefficient at each point in space and time reflects the

rate of energy dissipation at that point. The distribution of base-10 logarithm of the eddy viscosity coefficient
below the mixed layer, averaged over the integration period, is shown in Figure 4. Surprisingly, the interior
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dissipation in the pycnocline is confined to the proximity of the equa-
tor for both on- and off-equatorial winds. Strong dissipation just below
the mixed layer is more spread out meridionally in both experiments,
although even here enhanced dissipation extends deeper into the transi-
tion layer close to the equator. As we show in section 4.3, mixing in the
transition layer close to the equator is due to the Yoshida jet driven by the
convergence of Ekman transport in the mixed layer on the equator and
is considerably more enhanced in the equatorial winds case than in the
off-equatorial winds case.

3.3. Froude Number

-350,

As described in section 2, the interior eddy viscosity coefficient in our
model is a function of the Richardson number Ri, or its inverse, the
Froude number squared Fr?. The upper panel of Figure 5 shows the snap-
shot of the Froude number squared on Day 244, and the lower panel
shows the temporal average of the Froude number over the integration
period for the off-equatorial wind case. In addition to high values of
the Froude number in the equatorial pycnocline as already conveyed by
Figure 4, we also find relatively high Fr? values everywhere just below
the mixed layer and below the pycnocline close to the equator. Note
that scales associated with patches of high Froude number are much
smaller in both vertical and horizontal directions in the snapshot than

-10 5

Latitude. x100 km in the temporal mean. This is consistent with the generation of turbu-

Figure 4. Base-10 logarithm of time-averaged vertical eddy viscosity
coefficient below the mixed layer. (upper panel) Period I (equatorial winds).
(lower panel) Period II (off-equatorial winds).

lence in the ocean interior being associated with SVSs. As we show in
section 4.2, most SVSs in Figure 5 originate as IGW beams emanating
from the base of the mixed layer and initially propagating toward the
equator at a well-defined angle in the (y, z) plane. Just below the base of
the mixed layer, the Froude number squared associated with each IGW
beam exceeds the critical value of four but quickly decreases with depth in the transition layer. The Froude
number amplifies once the beam enters the pycnocline. In section 4.2 we use ray tracing to describe changes
to the vertical component of the wave vector, wave energy density, and Froude number as wave packets enter
the pycnocline (depths between 200 and 300 m).

Another important feature of the solution is high values of the Froude number at some depths below the
pycnocline close to the equator. This suggests that equatorial trapping plays an important role in the distri-
bution of the energy dissipation, and this is examined in section 4.2. The Froude number amplification in
this case occurs through convergence of wave action at turning latitudes.

Finally, we cannot rule out nonlinear wave-wave interactions from playing a role in the enhancement of
energy dissipation close to the equator. Vertical scales much smaller than those produced by linear dynamics
can be generated through parametric subharmonic instability (PSI; cf. d'Orgeville & Hua, 2005; Natarov
et al., 2008) and other types of nonlinear wave-wave interactions (cf. McComas & Bretherton, 1977; Staquet
& Sommeria, 2002; Sun & Kunze, 1999) . We argue that the nonlinear cascade to SVSs is indeed manifested
in our simulations in section 4.3, where we also show the importance of the Yoshida jet in driving high levels
of mixing in the transition layer in the immediate proximity of the equator.

3.4. Subinertial and Superinertial Components of the Wind Stress

To better understand the role of wind forcing in determining the spatial distribution of energy dissipation,
we take a closer look at the temporal spectrum characteristics of the wind stress. The temporal resolution
of the wind stress forcing is (At), = 6 hr and the duration of the model integration period is T = 244 days.
The temporal wind stress spectrum and its spectral power density distribution in (w,y) space are

T
(w,y) = % / dt z(t, y) exp (—iwt), (16a)
0

Plrl(w,y) = v (w, y)r(®, y), (16b)

respectively, where 7 can be either 7, or 7,,, * denotes complex conjugation, for a discrete set of frequencies
w;=2xj/T,j==J, =] +1,....J, — 1], where J, = T/(2(At),).
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Figure 5. A snapshot (the upper panel) and time-averaged (lower panel) Froude number in the off-equatorial wind
experiment. The snapshot is taken on the last day of the model integration period (Day 244). The amplification of the
Froude number in the pycnocline (depths between 200 and 300 m) is evident in both figures.

The frequency of IGWs is limited from below by the absolute value of the local Coriolis parameter, |f].
The total wind stress = can be decomposed into subinertial and superinertial components; that is, 7 =
Tioi <ifl F Tlwis 1> @0d linear theory suggests that only the superinertial component 7, can generate IGWs
propagating into the ocean interior at a meridional location y = f/f.

The temporal spectra of the zonal component of the wind stress, P [rx] (w, y) for both periods are shown in
Figure 6. Instead of frequencies, we label the locations along the horizontal axis by the periods to which
these spectral components correspond. There is a relatively weak local maximum at the diurnal and highest
resolvable semidiurnal frequencies at most meridional locations, but overall the spectrum is very red and
almost all power is contained at low frequencies. The blue color scale in Figure 6 is strongly saturated to
enhance visibility of the features at high frequencies.

Because the absolute value of the local inertial frequency, f = By, increases with distance from the equator,
the lower boundary of the spectral range for superinertial forcing is also increasing and the superinertial
component of the wind stress decays fast with the distance away from the equator. Therefore, even when
the magnitude of the wind stress is largest south of the equator, such as in the off-equatorial wind case (the
lower panel in Figure 6), the superinertial contribution remains largest close to the equator. The integrated
power spectrum of the superinertial wind stress, P [lelzl fl] ) = Q2nr)! flwlzl flda) P [Tx] (w, y), normalized
by the maximum over all frequencies, latitudes, and both periods, is represented by red lines. In both on- and
off-equatorial cases it is strongly peaked at the equator. At higher latitudes the total wind power input is not
necessarily weaker than at the equator, but most of the wind energy goes into quasi-steady currents instead
of IGWs. Unlike IGWs, the quasi-steady currents do not experience reduction in horizontal and vertical
scales due to f dispersion and do not propagate meridionally toward the equator, as evident in plots of the
mixed layer kinetic energy, K,,., as a function of latitude and time (not shown). In section 4.3 we describe
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Figure 6. Temporal power spectrum of the wind stress, P[z,](@, y) = |7 (®, y)|2. The units of P[z,](w,y) are (Ns/m?)?,
that is, (momentum per area)?. (upper panel) Period I (equatorial winds). (lower panel) Period II (off-equatorial
winds). Solid black line in each plot separates subinertial (left of the line) and superinertial (right of the line) periods.
Superinertial wind stress, P [T|w|>\ f|] ») = @n)7! /lezl fldw P [rx(w, y)], normalized by the maximum over all
fregencies, latitudes, and both periods, is represented by the red lines. In both cases the superinertial wind stress is
strongest at the equator.

the response to subinertial and superinertial forcing away from the equator in a more idealized setting of a
single wind burst and show that this is indeed the case.

The meridional distribution of the superinertial wind stress can explain the observed enhancement of energy
dissipation in the equatorial pycnocline qualitatively. The rate of emission of near-inertial energy from the
mixed layer into the ocean interior is expected to be a decreasing function of the local Coriolis parameter,
f (e.g., Balmforth & Young, 1999; D'Asaro, 1989; Zervakis & Levine, 1995). In this article we do not address
the question of rate of energy loss from the mixed layer but focus on mechanisms of Froude number ampli-
fication and potential wave breaking in the ocean interior due to the three processes suggested by the model
output analysis in section 3.3. In section 4 we use ray tracing and idealized single burst numerical exper-
iments to analyze these mechanisms. To facilitate the comparison between simplified models and the full
numerical simulation, we use the temporal spectral power density distribution P [¢] (w, y,z) for any field
¢(t,y,z) in the model output:

T
P(w,y,2) = %/ dr ¢(t, y, z) exp (—iot) (17a)
0

Plgl(@,y.2) = ¢" (@, y. 2)Pp(®, y.2), (17b)

where T = 244 days is the integration time period in our numerical experiments. The model output was
recorded with the interval of (Af),y gy £ (At), = 6 hr between snapshots. This allows us to calculate spectral

energy densities at frequencies w; = 2zj/T, with j = —J,, —J, + 1, ..., J, — 1,J,, where J, = T/(2(A1),). The
temporal frequency resolution of the model outputis (Aw), = 27/ T.If NIWs are generated in the mixed layer

NATAROV AND RICHARDS

ENHANCED DISSIPATION AT THE EQUATOR 6208



100 Journal of Geophysical Research: Oceans 10.1029/2019JC015228

through the inertial pumping mechanism described in the introduction
then this translates into meridional resolution (Ay), = 2z /T = 13 km.
The highest resolved frequency is w; = x/(Af),, and variability at a
frequency w higher that o, is aliased into frequency w/2. Our time

0.25

series resolve local inertial periods up to latitudes ) ij| =/ [ﬁ(At)o] ~
2,400 km, which are beyond the meridional confines of the computa-
015 tional domain.

Depth, m

Figure 7 shows the power spectrum distribution of the zonal velocity
01 component, Pu](w, y,z)/max, ,Plul(®, y, z), for frequencies w;, @, @y,
and w,,, with periods approximately corresponding to 244, 34.9, 17.5, and

-500

0.05 5.5 days (from top to bottom) for the off-equatorial wind case. These peri-
ods, in turn, correspond to local inertial latitudes 13, 91, 182, and 572 km
" l away from the equator.

At the lowest frequency shown, w; = (Aw),, the ocean response in u

-1000 - L
-20 -15 -10

Figure 7. The normalized spectral power density distribution for the zonal
velocity component, Plul(w, y,2)/ max,  Plul(w, y,2) for the frequencies wy,

I I
10 15 20

s o 5
y, 100 x km is strongest in a shallow region around the equator but extends to great

depths south of y = —2,000 km. The picture is similar for other low
frequencies (such as the mean flow). Since such signal is absent in the

w5, @4, and w,, (from top to bottom) for the off-equatorial wind case. response of the meridional velocity field at these frequencies, we con-
The dashed red line shows the time-mean mixed layer depth. The dashed clude that this variability corresponds to a forced response to the slowly
black vertical lines indicate the corresponding inertial latitude y, = », /p varying wind field, that is, nearly geostrophic zonal currents. As such,

for each frequency.

they exhibit no meridional propagation of kinetic energy.

At somewhat higher frequencies, such as w,, we see an SVS response con-

tained in the pycnocline (the second from the top panel in Figure 7). Note
that there are no beams emanating from the surface at the generation latitudes, and there is no signal below
the pycnocline. This may indicate that variability at this frequency is induced through nonlinear wave-wave
interactions. More specifically, this scenario is consistent with the PSI of higher-frequency motion.

As we increase the frequency, the spatial character of variability changes. For w,, we can clearly see an
equatorially trapped wave (third panel from the top). Unlike for lower frequencies, the signal now penetrates
below the pycnocline close to the equator and forms a pattern that is consistent with both equatorial trapping
and a beam bouncing between turning latitudes as it propagates vertically. Note the amplification of the
signal close to turning latitudes.

At high frequencies we no longer see the bouncing between turning latitudes: The beams strike the ocean
bottom before encountering a turning latitude. The bottom panel in Figure 7 illustrates this for w,,. The
beams emanate from the base of the mixed layer in the range between abouty = 550 and 600 km in both
Southern and Northern Hemispheres off the equator, amplifying in the pycnocline and weakening on the
way out of the pycnocline. There are reflections from the bottom and some hint of reflection off the turning
latitudes in the ocean interior.

3.5. Summary of the Results
To summarize, we have identified four processes that may play role in the distribution of energy dissipation
in the ocean interior in a simple model:

1. A more intense input of superinertial energy closer to the equator

2. Amplification via refraction through the pycnocline

3. Wave action convergence at turning latitudes for equatorially trapped waves
4. Transfer of energy to SVSs through nonlinear wave-wave interactions.

These processes will be studied in more detail in section 4.

4. Wave Amplification Mechanisms

To quantify various amplification mechanisms, we use ray tracing and the wave action balance equation
to calculate the spatial distribution of wave energy density. The Froude number field, and therefore the
parameterized eddy viscosity in the model, can then be calculated from the wave energy density distribution.
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4.1. Wave Action Balance Equation

The general form of the wave action equation is presented in Andrews and McIntyre (1978) and Biihler
(2009). Here we assume that the mean flow and waves are relatively weak and use a formulation in which
mean flow-wave interactions, as well as wave-wave interactions are neglected. For a wave packet located at
the point x = [y,z] and characterized by a wave vector k = [¢, m] and wave energy density E(Kk, X, t), the
wave action is given by A(k, x, t) = E(k, X, t)/w(k, x) and governed by the wave action balance equation:

0A 0 d d d

—+— + = +— (r,A) + — (r,A) =S, 18

ot dy (cg,YA) 0z (Cg,ZA) of (rf ) om (rm ) ( )
where ¢,, = dw/0¢ is the meridional group velocity of the wave packet, ¢,, = dw/0om is its vertical group

velocity, and r, = —dw/dy and r,, = —dw/dz are the refraction coefficients that determine the evolution
of the meridional and vertical components of the wave vector as the wave packet propagates through the
environment. The right-hand side of (18) represents sources and sinks of the wave action due to forcing and
dissipation.

Equation (18) is a hyperbolic partial differential equation and as such requires the initial and boundary
conditions to be specified. The solution can be found by the method of characteristics.

Plane waves preserve their frequency in a time-independent medium, and the dispersion relation given by
2 2 2 2 2
w” = f"(y)+N (y,z)ﬁ 19)
defines characteristic hypersurfaces in the (y, z, £, m) space, which are convenient to visualize as rays in the
(¥, 2) plane, with wave vector components £ and m each changing along the ray.

The rays and changes in wave vector components along them can be calculated by integrating the system of
ray tracing equations:

@ — )

y=¢,, = — (20a)
] @ — )P
Zz= Cg,z = -, (ZOb)
om
. 2 2_ 822 9log N2(y,
f:rf=—ﬁ_y_w ﬂy 08 (y Z)’ (20C)
&) 2w dy
2_ 522 9log N2(y,
ey = @ =Py 0logN(y z)’ 20d)

m 2w 0z

where the dot denotes the differentiation with respect to time, d/dt.

4.2. Ray Tracing Into the Ocean Interior

The IGWs in our simulations are generated at the base of the mixed layer and propagate in the negative
z direction until they are reflected from the bottom. It is therefore possible to eliminate time from the ray
tracing equations and express the meridional location of the wave packet and its wave vector components
as functions of depth. Dividing 20 by (20b) yields a system of three equations

dy m
=" (21a)
2 dlog N2(y,
dz _ _pym  m 9logN°(y z), (21b)
dz  w?-p2y2 2 dy
0log N%(y,
dm _ m 0dlogN"(y z). (210)

dz 2 0z
If the background buoyancy frequency field N? is independent of y, as is the initial profile in our numerical

simulations, then (21c) decouples from the rest of the system and can be integrated to yield

N%(z)
N(zy)’

m*(z) = m*(g,) (22)
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Figure 8. Various wave characteristics along ray trajectories. The lines correspond to frequencies wyy (blue), w,q (red), and w4 (black). (a) The ray trajectories
in (, z) plane, (b) the Coriolis parameter f along trajectories, (c) vertical component of the group velocity, (d) meridional component of the group velocity,
(e) wave energy density, and (f) Froude number squared associated with the wave. Arrows show the direction of time along the segment of the trajectory closest

to the arrow.

where z, is the initial depth of the wave packet. This expression is the same as the well-known
Wentzel-Kramers-Brillouin (WKB) scaling of the vertical coordinate with the background stratification for
normal mode solutions but is more general because it holds for propagating wave packets and works when
normal modes do not exist.

Equations (21a) and (21b) can be combined to yield the relationship between the meridional coordinate y
and the meridional component of the wave vector #:

W2 — 22

2 = £ Z=LL

@? —

; 23
5y (23)

which shows that as a wave packet propagates from its origin at y, toward the equator, the meridional scale
of the wave becomes smaller.

Equations (22) and (23) can be combined to yield the following expression for the ray trajectory in the (y, z)

plane.

sgn 2
w @ arcsin & — arcsin % + sin
2 ® 0]

Z
2 arcsin ﬂ_y] —sin [2 arcsin @” = / dé N(&), (24)

w @ %
which completes the ray tracing part of solving the wave action balance equation: Given the initial posi-
tion of the wave packet, [yo,zo], the meridional position and its wave vector can first be calculated using
(24), and its meridional component of the wave vector can then be determined from (23). The vertical
component of the wave vector as a function of depth can be determined without the knowledge of the tra-
jectory from (22). Rather than solve the algebraic equation (24) for y, we integrate the system of differential
equations ((20a)—(20d)). We assume that the waves are emitted from just below the bottom of the mixed
layer, at the meridional location where their frequency is equal to the local inertial frequency. The frequency
of the wave, however, cannot be set exactly equal to the local inertial frequency because purely inertial
waves cannot propagate. We therefore slightly detune it from the local inertial frequency to a value slightly
higher than |f] by setting the initial horizontal wavelength to 200 km and the initial vertical wavelength to

NATAROV AND RICHARDS

ENHANCED DISSIPATION AT THE EQUATOR 6211



100 Journal of Geophysical Research: Oceans 10.1029/2019JC015228

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

L L L

5 10 15

15 -10 -5 0
v, x 100 km

Figure 9. A snapshot (upper panel) and time-averaged (lower panel) Froude number in the uniform wind burst
experiment. The snapshot is taken on Day 20. The amplification of the Froude number in the pycnocline is evident in
both figures.

100 m. Although somewhat arbitrary, these settings are representative of the beam characteristics found in
the numerical experiments described in section 3.

To calculate the wave energy density field, we assume that the medium is steady and the wave field is
stationary. The wave action flux
F=[F,F,.F,F,]l=lcg

C

020 Fes TmlE (25)

\y?

is then nondivergent in the (y, z, £, m) space. Integrating over an appropriately chosen control volume (We
choose the control volume so that group velocity and refraction vector are parallel to sides of the control
volume except for the bounding surfaces described by z =constant.) and applying the divergence theorem,
that is,

/dydzdfdi-F=7§dSF-ﬁ, (26)
v

S

we obtain

; 27

where the subscript to the vertical bar denotes the depth at which a field is evaluated along the ray trajectory
(i.e., El, = E(¥(),2.£(2), m(2))).

With the energy density profile known, we can also estimate the Froude number along the ray trajectory. As
shown in Natarov and Richards (2019), the maximum Froude number along the beam can be expressed in
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Figure 10. A snapshot (upper panel) and time-averaged (lower panel) Froude number in the almost uniform wind
burst experiment. The snapshot is taken on Day 20. The amplification of the Froude number in the pycnocline is
evident in both figures.

terms of the wave energy density E as

F',zZZmZEf_2<1 |m| Va? — fz\/—> 28)

N2 @?

Figure 8 traces various characteristics and fields along the beam trajectories. We chose to present the results
for frequencies w,, (shown in blue color in all six plots), w,e (red), and w,, (black). Arrows indicate the
direction of time as the signal propagates along the beam. The end point of each trajectory describes the state
of the wave packet after 244 days of propagation, putting an upper bound on how far from the generation
site one can expect to find the wave packets of the ROMS simulations described above in section 3. Figure 8a
shows the ray trajectory in the (y,z) plane. Wave packets of higher frequency propagate faster, and the w,,
ray have reflected from the bottom and almost reached the surface again after 244 days. However, it has not
reached its turning latitude over this period of time. The w,, beam, on the other hand, has only reached
the depth of 300 m after 244 days but encountered turning latitudes twice along the way: first within the
pycnocline and the second time just below it. The w,, beam is an intermediate case, with the wave packet
reaching its turning latitude once not far from the bottom.

Figure 8b shows the changes in the Coriolis parameter that a wave experiences as it propagates. The vertical
dashed lines correspond to the frequencies of the waves presented in the plot. Figure 8c shows the vertical
component of the group velocity. The smaller-magnitude vertical group velocity implies vertical conver-
gence of wave energy flux and is correlated with the Froude number amplification. Figures 8e and 8f show
that both refraction through pycnocline and turning latitudes lead to wave energy density and the Froude
number amplification. However, the turning latitudes lead to a much stronger amplification. We therefore
conclude that the most important process that leads to internal wave breaking and enhanced mixing in our
simulations is the wave energy flux convergence at turning latitudes.
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Figure 11. A snapshot (upper panel) and time-averaged (lower panel) Froude number in the subinertial off-equatorial
wind burst experiment. The snapshot is taken on Day 20. There little wave activity produced in the experiment and the
largest Froude number in the interior is associated with the quasi-steady jet produced at the edge of the wind patch.

4.3. Single Wind Burst Experiments

The results of the numerical experiments described in section 3 suggest that much of the ocean response to
wind forcing with a complex spatial and temporal structure can be understood in terms of the ocean response
to single wind events. Moreover, most of the results (i.e., equatorial trapping, Yoshida jet, and NIWs off the
equator) can be explained within a linear framework. As a compliment to the experiments with observed
winds, a number of idealized experiments were performed in which the ocean was forced by single wind
burst events:

1. Latitudinally uniform wind burst

2. An almost uniform wind burst with forcing removed in the close neighborhood of the equator
3. A subinertial wind burst in the Southern Hemisphere

4. A superinertial wind burst in the Southern Hemisphere.

Only the results pertinent to the amplification of the Froude number are presented and discussed below.

Our modeling results presented in section 3 show that the dynamics very close to the equator is very dif-
ferent from the dynamics away from the equator. One unique feature of the ocean response on the equator,
which is normally absent at any other meridional location, is the Yoshida jet: a strong zonal surface current
induced by Ekman convergence of zonal momentum on the equator, where f changes sign. The Yoshida
jet typically has its strongest magnitude directly on the equator, and this is also where its vertical shear of
zonal velocity reaches largest values. Does the Yoshida jet play an important role in controlling the Froude
number field in the ocean interior? To answer this questions, we compare the case of a uniform westerly
wind burst, which generates a strong Yoshida jet because of strong zonal momentum convergence on the
equator, and an “almost” uniform westerly wind burst, in which the wind stress is greatly reduced within
a small region around the equator. Because there is essentially no wind close to the equator in the latter
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Figure 12. A snapshot (upper panel) and time-averaged (lower panel) Froude number in the short off-equatorial wind
burst experiment. The snapshot is taken on Day 20. The amplification of the Froude number in the pycnocline is
evident in both figures. The temporal mean figure also shows enhanced Froude number regions close to the equator
associated with turning latitudes and nonlinear wave-wave interactions.

case, Ekman convergence no longer occurs directly on the equator in this setting. However, there is weaker
Ekman convergence elsewhere due to the presence of a nonzero wind stress curl. The ocean response to a
wind burst that is symmetric with respect to the equator is symmetric in zonal velocity u but antisymmetric
in the meridional velocity v. The Yoshida jet does not have a signal in v, so it is entirely symmetric.

The resulting patterns shown in Figures 9 and 10 are very similar between the two cases away from the
equator, but there are substantial differences close to the equator. Not surprisingly, the largest differences
occur in the transition layer close to the equator, where the Yoshida jet is the strongest. But there are also
substantial differences in the pycnocline and deeper ocean. However, these are not due to the Yoshida jet:
Note that the Froude number is essentially 0 directly on the equator below the transition layer. The difference
in the magnitude of the Froude number field is due to the fact that along with the Yoshida jet we have also
removed some waves that are trapped close to the equator. The reduction in the overall Froude number is
in part due to the decrease in the activity of SVSs forced directly by wind. Another factor is the reduction in
the activity of SVSs created through PSI of the large scale equatorially trapped waves.

A long subinertial off-equatorial wind burst produces a strong quasi-steady jet but almost no wave activity
(Figure 11). In contrast, a wind burst with a similar meridional structure but of a shorter duration produces
strong off-equatorial NIWs, mixing in the off-equatorial pycnocline (Figure 12). At later stages only weak
equatorially trapped waves survive.

Nonlinear wave-wave interactions can create SVSs in the absence of wind forcing (cf. d'Orgeville & Hua,
2005; Natarov et al., 2008), and while there is little mixing during later stages, there is also a slow growth
of Froude number in the equatorial pycnocline. In the absence of forcing such growth can only be a result
of nonlinear wave-wave interactions between equatorially trapped waves. We find that even for wind bursts
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that occur far away from the equator, wave-wave interactions can be detected on a time scale of a few months.
For wind bursts occurring closer to the equator we expect the effect to be much more dramatic. Returning
now to the comparison between the uniform and almost uniform wind experiments described in the begin-
ning of this section, we expect that large vertical scale equatorially trapped waves generated in the uniform
wind burst experiment lose energy to SVSs through PSI. This accounts for larger Froude number close to
the equator in the uniform wind burst experiment.

5. Discussion

In this paper we have demonstrated that SVS activity and energy dissipation levels are enhanced close to the
equator in a simple zonally symmetric model of a tropical ocean driven by transient wind stress regardless of
the distribution of temporally averaged wind power. We have established that the two main reasons for such
enhancement is that the wind power spectrum is mostly superinertial near the equator and subinertial away
from the equator and that enhanced mixing in the interior is mostly due to wave energy density convergence
at turning latitudes. Previous studies focused on the decay of the characteristic time scale over which the
mixed layer leaks its kinetic energy have with latitude (see Balmforth & Young, 1999; Zervakis & Levine,
1995). Our results are valid over a wider range of regimes and do not rely on a near-inertial approximation.
We stress that determining the most important mechanism of energy emission from the mixed layer to the
ocean interior was not our objective here but will be presented in a companion paper.

While waves are stronger just below the base of the mixed layer because of the above mechanism, their
amplitude quickly reduces with depth as they propagate into the ocean interior because their Froude num-
ber exceeds the critical value of 4 just below the base of the mixed layer, inducing a high eddy diffusivity
there. To be able to induce mixing again in the ocean interior, the fraction of waves that survive propaga-
tion through the highly diffusive region just below the base of the mixed layer have to amplify again in the
ocean interior or cascade energy to smaller vertical scales. We present three different mechanisms of Froude
number amplification in the ocean interior

1. Refraction through pycnocline
2. Wave action convergence at turning latitudes
3. Nonlinear wave-wave interactions.

Numerical experiments with idealized single wind bursts suggest the most important mechanism for
enhanced mixing in the ocean interior is the wave action convergence at turning latitudes. While a detailed
understanding of this simple problem will undoubtedly enhance our ability to interpret observations and
output of more realistic models, there is a large number of phenomena that we have not addressed in this
study. One alternative mechanism for generation of small vertical scale features is the flow instability. As
shown in Natarov and Richards (2015), persistently high levels of mixing can be generated by the radia-
tive instabilities of equatorial currents. The role of scattering of the internal waves off spatially complex
and evolving eddy field has been addressed in Soares et al. (2016), with the results showing that eddies can
dramatically influence propagation and amplification of the waves.
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