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Equatorial deep jets are an unsolved mystery of the equatorial oceans. These
aternating zonal currents appear steady over time spans of years, but no
postulated energy source has proven plausible, and elevated turbulent dissipation
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The equatorial deep jets remain an enigma of the equatorial circulation. These
alternating east—west currents appear steady over 2-yr time spans, with little
apparent vertical propagation (Firing 1987). Elevated dissipation rates are observed Search Google Scholar for:

in the high shear zones between the jets (Gregg et al. 1995) but do not appear to . Joanna E. Muench
erode the jets. The jets span the entire Pacific basin (Wijffels 1993; Hayes and . Eric Kunze

Milburn 1980) and aso appear in the Indian (Luyten and Swallow 1976; O’ Neill
and Luyten 1984) and Atlantic Oceans (Ponte et al. 1990).

The deep equatorial ocean is also aregion of elevated internal wave activity. The low Coriolis frequency broadens the
internal wave band, so there is more interna wave energy than at midlatitudes (Eriksen 1980). Observations show equatorial
spectral levels are elevated over midlatitude by factors of 3-5. Waves with short vertical wavelengths are likely to encounter
critical layers within the deep jets, creating both momentum-flux divergences that accelerate/decel erate the mean flow, and
energy-flux divergences that elevate the dissipation rates over background deep ocean levels.




In this paper, we estimate the momentum- and energy-flux divergences associated within internal waves reaching critical
layers with the deep jets and discuss their impact on the mean flow. We find that the spectral replenishment rate and vertical
wavelength of the jets drastically aters our results. To understand the implications of our model, we estimate the magnitude
of forcing for the deep jets expected from the calculated momentum-flux divergence. A complete analysis of acceleration of
the deep jets due to interna wave momentum-flux divergence is presented by Muench and Kunze (1999, manuscript
submitted to J. Phys. Oceanogr., hereafter MK99).

In this introduction, we discuss previous attempts to estimate the momentum-flux divergence and present observational
descriptions of the deep jets and internal wave field to be used in this model. In addition, we briefly discuss (i) how energy is
transferred to the mean flow at critical layers and (ii) spectral replenishment of the internal wave spectrum due to wave—
wave interactions. In section 2, we define various parameters required for our model of a GM spectrum of internal waves
interacting with the deep jets; the model itself is developed in section 3. In section 4 we find that spectral replenishment by
wave-wave interactions between and within the jets is necessary to explain the observed elevated dissipation rates. In
section 5, we summarize our results and discuss some implications for the deep jets.

a. Previous estimates

Estimates of momentum-flux divergences arising from a sheared mean flow have been made for over a century. Reynolds
(1895) first suggested parameterizing the momentum-flux divergence as an eddy viscosity

(w'w = v (1)

an approach widely used by oceanographers. However, if the momentum-flux divergence is due to critical layer
interactions, this parameterization is not correct as it assumes a viscous decay. Based on a model of internal waves reaching
critical layers at progressively increasing mean zonal velocity, Ruddick and Joyce (1979) parameterized the momentum-flux
divergence due to downward-propagating waves in increasing shear as
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where Cow = 3% 102 m s L. Kunze and Miller (1989) used a similar parameterization in their model of internal waves

accelerating a mean sheared flow and noted that (2) is analogous to a pseudo vertical velocity that acts on the mean shear
but not the mean stratification.

Our study describes the momentum-flux divergence due to an isotropic wave spectrum interacting with the complicated
geometry of the deep jets. While simple parameterizations may be correct in the presence of a surface-generated internal
wave field where most energy is downward propagating, in the deep ocean the internal wave field is vertically symmetric.
An entirely isotropic wave field has no net momentum-flux divergence associated with it; therefore, the geometry of the jets
must determine the magnitude of the momentum-flux divergence.

b. Equatorial deep jets

Observations of jetlike features have been made in the equatoria Indian (Luyten and Swallow 1976; O’ Neill and Luyten
1984) and Atlantic (Ponte et al. 1990) Oceans. The jets in the Pacific Ocean are the best documented. The deep Atlantic
currents appear to have longer vertical scales than the Pacific jets (Ponte et al;K. Polzin 1996, personal communication); the
effects of longer vertical wavelengths on the momentum-flux divergence are explored.

The jets are a persistent feature of the deep equatorial Pacific (Firing 1987). They are characterized by vertically
aternating zonal currents centered on the equator with an average vertical wavelength of 330 m. The jets span 500- to 2000-
m depth and are confined within 1° of the equator with an approximately Gaussian meridional shape (Firing 1987). While

instantaneous zonal velocities of up to 20 cm s have been observed, the maximum 16-month mean zonal vel ocity is5cm
st (Fig. 1 @=). Individua observations of the jets span the equatorial Pacific from 165°E (Wijffels 1993) to 110°W (Hayes
and Milburn 1980); zonal velocities are coherent over at least 10° of longitude (1200 km) (Ponte and Luyten 1989). The jets

migrate slowly in time if at al;over 16 months of observations, they have been observed to migrate at most 50 m vertically
(Firing 1987;Ponte and L uyten 1989).

There is no clear generation or forcing mechanism for the deep jets. Vertical internal instabilities have been explored, but
no mechanism has yet been conclusively identified (L. Rothstein and S. Minobe 1996, personal communication; Rowe
1996). This paper explores the role that internal wave interactions play in maintaining the deep jets, but does not postulate a
generation mechanism.

c. Internal wave field

The characteristics of the deep equatorial internal wave field are less well-defined than those of the mean flow field. There




is consistency with the spectral slopes of a Garrett—Munk spectrum modified for the equator (Munk 1981), but observations
are scarce and show considerable temporal and spatial variability in spectral amplitude (Eriksen 1980; Hayes and Powell
1980; Hayes 1981; Blumenthal 1987; Gregg et al. 1996). In addition, most observations of the internal wave field are taken at
the equator where the deep jets influence the local internal wave dynamics.

The equatorial vertical wavenumber spectrum is enhanced over that of midlatitudes for vertical wavelengths 300 <4, < 10

m (Hayes and Powell 1980). In all cases, the frequency dependence of the spectrais close to w2 and the vertical

wavenumber dependence, m 2 (Hayes 1981; Blumenthal 1987; Gregg et a. 1996). Vertica displacement spectra
approximately follow an equatorialy enhanced Garrett—Munk spectrum, although spectral levels are not constant on
timescales of months. Spatial and temporal variance in spectral levels are comparable to those seen at midlatitudes.

Frequency spectraindicate a continuous spectrum of wave activity, with Kelvin and mixed Rossby—gravity waves
dominating the lower frequencies and a transition to inertial gravity waves at periods of roughly one week (Eriksen 1980).
Blumenthal (1987) also found that an equatorially enhanced GM spectrum models equatorial spectra adequately. Lower

frequency motions (w < 2 x 10 % rad sfl) are dightly less energetic than predicted by a GM spectrum, and his model fit
could be improved by accounting for horizontal and vertical anisotropy and the effects of mean shear (Blumenthal 1987). In
the absence of a better model of internal wave energy for the tropical oceans, we use the Garrett—Munk spectrum to
describe the local internal wave field.

d. Energy transfer at critical layers

We described the mean background field of the deep jets in section 1b and the perturbation field of the internal wavesin
section 1c. As anext step, atheory must be developed to understand how the wave field influences the mean flow. Under
the noninteraction theorem, there can be no acceleration of a mean flow by alinear, inviscid, nonlocally forced, harmonic
wave field in the absence of critical layers (Eliassen and Palm 1961). Therefore, the deep equatorial internal wave field
primarily effects the deep jets through critical-layer interactions. We assume friction away from the critical layer is small;
frictional effects due to the observed enhanced dissipation rates are discussed by Muench and Kunze (MK99). We do not
speculate on the exact nature of the critical layer, where the wave either breaks or decomposes into smaller vertical scales
through wave-wave interactions, but note that little wave energy appears to propagate away from critical layers (Kunze et al.
1995).

Internal wave energy will be partitioned between that transferred to the mean through momentum-flux divergence and that
lost to turbulence. In a Lagrangian frame, all energy islost to dissipation. Thisisthe intrinsic energy associated with the
intrinsic frequency, E; = A/lw|, where A is the wave action. We can also calculate the energy in an Eulerian frame using the

relation Ec =E, +U - kA (Henyey and Pomphrey 1983). Noting that the wave momentum can be expressed asp = Ak,
then to conserve momentum, energy transferred to the mean flow must be E — E, =U - p=U - KE /o, (Henyey et d.

1986). By estimating the magnitude and structure of the momentum-flux divergence, we model acceleration of a mean flow
due to internal waves.

e. pectral replenishment

Critical-layer interactions with the jets will deplete the internal wave spectrum at short vertical wavelengths. However,
depletion is not observed in the deep equatorial ocean, suggesting that spectral replenishment through wave-wave
interactions restores the internal wave field toward GM levels. Considerations of spectral replenishment have not been
included in previous estimates of momentum-flux divergence from internal wave interactions with sheared flows. They
prove to be of paramount importance in this study.

The theory of wave-wave interactions and how they shape the midlatitude spectrum has been widely investigated
(McComas and Bretherton 1977; McComas and Muller 1981; Henyey and Pomphrey 1983; Mller et a. 1986). These
studies conclude that nonlinear wave-wave interactions are an important link in the energy cascade from large to small
scales and may be responsible for several characteristics of the GM spectrum such as the smoothness at high
wavenumbers, vertical symmetry, and the inertial peak. These theories find that the GM spectrum is an equilibrium spectrum
for the internal wave field; any depletion or excess of energy at a given frequency or vertical wavenumber is smoothed out
over some relaxation timescale (McComas and Mller 1981). There is still some controversy over the exact mechanisms
governing the relaxation timescale and rate of replenishment (reviewed in Mller et a. 1986).

It is unclear how to extend midlatitude theories of spectral replenishment to the equator. The internal wave band on the
equator is broader, alowing higher internal wave shear than at midlatitudes. However, background equatorial turbulence
levels are no higher than those at midlatitudes, suggesting slower wave-wave interaction timescales (Gregg et al. 1995). The
presence of a sheared mean flow with a vertical wavelength of just 330 m (comparable to much of the internal wave field)
may also impact which waves result from wave-wave interactions, but this is not well addressed in the literature (Phillips
1968; Lelong and Riley 1991). In this paper, the theory of spectral replenishment is applied to establish itsrole in
momentum-flux divergence of the internal wave field.

2. Model parameters




A general description of the background mean flow and local internal wave field are given above, as well as the theoretical
framework for understanding how internal-wave critical layers will ater a sheared mean flow through momentum-flux
divergences. This section outlines more precisely those parameters used in our model for momentum- and energy-flux
divergences due to internal wave interactions with the deep jets. The spectral shape of the GM spectrum is discussed and
restrictions due to WKBJ scaling of the wave-mean flow interaction defined.

a. Structure of the deep jets

The model deep jets are vertically sinusoidal and meridionally Gaussian, U(y, 2) = Uy, exp[~y?/(2L?)] cos(2zz/A), where L

=110 km is the equatorial radius of deformation. A Gaussian meridional structure incorrectly implies a Kelvin wave
structure, while Muench et al. (1994) demonstrate that the jets are better described as long Rossby waves. However,
critical-layer results are comparable for more realistic meridional structures. The vertical wavelength of the jets is chosen to
be A = 330 m, corresponding to the average vertica wavelength of the Pacific deep jets (Muench et al. 1994). A case
corresponding to the Atlantic jets, with a vertical wavelength /A = 500 m, is discussed in connection with possibly shorter
timescales of Atlantic and Indian jets (Boning and Schott 1993; O’ Neill and Luyten 1984). The maximum jet velocity isUg =

5cms L

b. The internal wave spectrum

An equatorially intensified GM model spectrum (Munk 1981) with energy levels set at 3°N is used to describe the
energetics of the local internal wave field. We neglect low-frequency internal waves because they form meridional modes,
inconsistent with our use of a WKB model (further discussed in section 2c). While equatoria intensification is observed, at

high wavenumbers (m > 0.08 rad mfl) levels are only 2-5 times the midlatitude estimates of GM76 (Hayes 1981; Gregqg et
al. 1995). The chosen spectral level agrees with observations to within a factor of 3, and we exclude from our model

vertical wavenumbers higher than 0.6 rad m L. The exact form of the GM spectrum used in this estimate is presented in the
appendix.

Severa papers have investigated how dynamical differences between midlatitude and equatorial internal waves should
influence the energy spectrum. Models including vertical shear produce the most realistic frequency spectra (Eriksen 1980,
1985; Blumenthal 1987) compared with observations. Changes in energy level can be included in the spectral level E; and

peak mode number j*, which in our model are set at values appropriate to midlatitudes, E; = 4.6 x 10 2s 1 and j* =3.
Changing the spectral level E; changes the momentum- and energy-flux divergences by a comparable factor.

The GM spectrum has arolloff at vertical wavenumbers above 0.6 rad m 1 (Gargett et al. 1981; Gregg and Kunze 1991).
We restrict our estimate to lower vertical wavenumbers, assuming that motions of such short vertical wavelength do not
contribute significantly to the momentum-flux divergence. Gregg et al. (1995) find equatorial shear spectra have rolloffs at

lower wavenumbers (- 0.3 rad m_l) than midlatitudes and note that, despite the elevated internal wave shear of the
equatoria region, turbulence isin general not enhanced. They conclude that the wave-wave interactions governing the
evolution of the internal wave field may be different at low than midlatitudes. Effects of alower rolloff on estimates will be
discussed in the conclusions.

The derivation here assumes equipartition between internal waves of positive and negative vertical wavenumber.
Observations have shown a dight net downward energy flux in the deep midlatitude ocean at near-inertial frequencies, most
likely a signal of the downward energy flux from the surface (Leaman 1976; Mdller et al. 1978). For the high wavenumbers
of interest, minimum propagation times from the thermocline are 15 wave periods. At depth, finescale waves are more likely
generated locally through processes that tend to make the spectrum vertically symmetric at high wavenumbers (Mller et al.
1986). Therefore, the assumption of equipartition of up- and downward energy is appropriate for the short vertical
wavelengths (4, < 80 m) relevant to this problem.

c. WKBJ approximation

The limited vertical and meridional extent of the deep jets requires that the spectral estimate of internal wave energy be
constrained by limiting the study to wavenumbers for which the WKBJ approximation is valid. To alow interactions within

the WKBJ approximation, vertical wavelengths of the internal waves must be less than /, < 80m (Jm| = 0.08 rad m_l).

Relaxing this constraint to include all vertical wavenumbers would increase the momentum-flux divergence by at most a
third.

To allow a WKBJ approximation in latitude, we require the meridional wavelength to be sufficiently short to alow a
continuous spectrum of waves rather than the establishment of meridional modes. The limiting meridional mode number n

for which thisisvalid is 1/[2(2n + 1)2] <& 1 (Gill 1982); this expression is true for n = 4. Note that a meridional-mode-4
equatorial gravity wave with vertical wavelength 4, = 80 m has a turning latitude (where| = 0) at 1.0°. We chose a minimum

frequency of w = 6.9 x 10 Oradst= f(3°N) (period of 10 days) to ensure this constraint. This further constrains the




horizontal wave angle, tanfl(llk) =0, > 0.1 rad (=6°). Smaller wave angles (low | and nearly zonal propagation) would

establish meridional modes. The limit on frequency also removes waves with large wave angles (high 1), which could
interact with the deep jets, so our calculation may underestimate energy at low frequencies by up to a factor of 2. A

constant N=2 x 10 3rads 1is assumed, consistent with the PEQUOD data (Muench et al. 1994).

d. Definition of critical vertical wavenumber

In considering the momentum-flux divergence, we need to determine which waves encounter critical layers in the deep
jets. These will be defined by their initia vertical wavenumber as a function of mean zona velocity. Only vertical critical
layers will be considered here. Horizontal critical layers are possible for low-frequency waves, but their low vertical
wavenumbers and high meridional wavenumbers result in relatively vertical ray paths that are more influenced by vertical
than horizontal shear.

An internal wave encounters a vertical critical layer when
o =wg— kU —>1,(3)
where o is the Eulerian frequency of the wave (invariant regardless of Doppler shifting in a steady background flow)

and o, the intrinsic frequency following the mean flow. To simplify notation and understanding, wo = wg is used to denote

the intrinsic frequency of the wave at itsinitial position of 3°N whereU = 0m s and where the intrinsic and Eulerian
frequencies are equal.

The zonal wavenumber at which a wave encounters a vertical critical layer for any given U isk = (a)o —f)/U. Using the

relation between the zona and vertical wavenumbers in the internal-wave dispersion relation, the critical vertica
wavenumber is

1/2
el — (mﬂ' — f) N2 — m[:%
' U, cost \ w} — f?

m

, (4)

where @ is the orientation of the horizontal wavevector (6 > 6°); € = 0 corresponds to a wave propagating eastward. Note
that mcriti istheinitial vertical wavenumber, that is, the vertical wavenumber of aray at U = O that encounters a critical
layer at zonal velocity U;. This definition, in conjunction with the frequency limits defined below, is used quantify the
momentum-flux divergence of internal waves interacting with the deep jets.

e. Frequency limits

The limits required by the WKBJ approximation necessitate bounds on frequency as well. The full range of frequencies (f,
N) is not available for critical-layer interactions at al mean zonal velocities and wave angles. For a given U cosf, Fig. 2 ©=
shows m®"t from (4) as a function of frequency. The shaded region in Fig. 2a and 2b @= is an example of the portion of
frequency/vertical wavenumber space interacts with the deep jets for the specific value of U cosf = 1 and 2 cm st
respectively. Other regions are excluded due to WKBJ considerations. Vertical wavenumbers m < mcit [dashed curves are
mCit for different values of U cos#, calculated from (4)] do not encounter critical layers in the deep jets because the zonal

wavenumber k istoo low. To avoid violating our WKBJ conditions, we also restrict vertical wavenumbersm> 0.08 rad m—
(dashed horizontal line). Combining these two restrictions places the following limits on the frequency interval that interacts
with the deep jets as critical layers:

1

mmin{J cosf\"
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where oy, and o, are the intersection of Mt with mM™", Equations (5) and (6) are solutions to (4) in the limits of o< N
and o, = f, respectively. The dependence on U cost follows from our definition of the critical vertical wavenumber (4). It




is most restrictive on frequency for large mean zonal velocities and waves propagating parallel to the mean flow.

No WKBJ interaction between internal waves and mean flow occurs if o; = wy. Thisinequality holds for U cosd > 2.5
cms 1, indicating that waves with zonal wavenumbers high enough to encounter a critical layer at this velocity have vertical
wavelengths too long to permit the WKBJ approximation. In redlity, critical-layer interactions undoubtedly occur for U cosf
>2.5cms 1, but cannot reliably be included in our linear mode! as they are outside the WKBJ limit of 1, < 80 m. Since this
is an energetic part of the internal wave spectrum, this limitation could reduce our estimate of momentum-flux divergence by

afactor of 2. The maximum limit on vertical wavenumber, m™ = 0.6 rad m 1, is only important for U cosd < 0.2 cm st

3. Calculation of momentum- and ener gy-flux divergences

Given the GM spectrum defined above and noting the restrictions due to the WKBJ approximation, momentum-flux
divergences can be calculated by integrating over the vertical wavenumbers and frequencies that encounter critical layers
with the deep jets. As waves stall due to critical-layer interactions, their momentum flux is transferred to the mean. To
estimate the momentum-flux divergence, we calculate the difference in momentum flux between two points in space and
take the limit as the distance between the points approaches zero.

Only the vertical momentum-flux divergence, a<u'w’>/dz, is calculated. Similar methods may be used to estimate other
components of momentum-flux divergence such as a<u''>/ay and d<w'b’>/dy, but under equatorial scaling these do not
contribute significantly to altering the mean flow.

a. Momentum-flux divergence along a ray path

The momentum flux at any given point can be estimated using the basic principles of ray tracing. We first assume that a
full spectrum of internal waves is available to interact with the jets, regardless of interactions with adjacent jets. Thisis
equivalent to assuming a single isolated jet. In general, not all rays are able to reach the center of the jets because they
encounter critical layers on the edges of jets above and below, effectively shadowing the region between the jets from
critical-layer interactions, an effect further discussed in section 4.

Figure 3 @= illustrates how a group of rays of identical initial frequency w and horizontal wavevector angle 6, but

varying initial m, follow nearly the same path until a critical layer is approached. Each ray breaks at a certain zonal velocity
U;. Such a group of waves has atotal vertical momentum-flux of <u'w’ ;. The magnitude of the momentum-flux <u'w’,
at any location where the zonal velocity is U, is reduced from that initial total as rays with higher vertical wavenumbers than
mcmi encounter critical layers at mean zonal velocities smaller than U,. Extending appropriate wavelengths to interact with

the deep jets (MM < m < M), we can describe the momentum-flux at any point as
2b*E,,

w

{HIWF} = {H’W;)['U']' -

X f J‘ H(m, 0) dmB,, (w,) dw, d0,
1 [

(7)

}J-’ m
whereH and B are the vertical wavenumber and frequency spectral shapes for the GM spectrum (appendix) and E =

46x102s L The integral includes waves with vertical wavenumbers between the minimum available by WKB
approximation and the critical wavenumber (4). The limits on frequency integration are ; and e, as defined in section Ze.

The integration of horizontal wavenumber angle, including the factor of 2 in front, accounts for eastward propagating waves
encountering critical layers in an eastward jet and excludes the interval [0, 0.1]; in a westward jet, the equivaent limits of
integration are 6 = [#/2, = — 0.1].

The change in momentum-flux between two points along a ray with zonal velocities of U, and U, _,, respectively, is

i-1
approximately
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The differences between w; and ONE:! zonal velocities Ui and Ui_1 is assumed small. The dependence on vertical
wavelength can be expanded using (4),
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We have neglected adjustment of the peak vertical wavenumber, n* = 9 x 103 rad m 1 since n* is low compared to the
minimum vertical wavenumber available to interact with the equatorial deep jets, |m| = 0.08 rad m L,

The divergence of momentum-flux is the important quantity for investigating wave—-mean flow interactions. To obtain the
vertical divergence, we take the limit of (8) for infinitesimally small separations. In a continuous sense, (8) becomes

a I [ U
e
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©)
This includes downgoing waves encountering critical layers on the upper edge of ajet only.

UPWARD PROPAGATING WAVES

The momentum-flux divergence due to upward propagating waves is analogous to that of downward propagating waves
by the symmetry of the jets. However, upward propagating waves have negative vertical wavenumbers, changing the sign of
(9). Consequently, the momentum-flux divergence of an upward propagating wave is the exact opposite of a downward
propagating wave, except for a factor to account for unequal energy partition, if appropriate.

Figure 4 ©= shows the difference in momentum flux between upward and downward propagating waves encountering
critical layersin an isolated eastward jet with no replenishment of high-wavenumber waves. Eastward and downward
propagating waves deposit negative momentum flux, while eastward and upward propagating wave deposit positive
momentum flux. As downward propagating waves encounter critical layers for increasing values of mean zonal velocity, the
magnitude of momentum flux decreases, becoming less negative until the waves reach the jet maximum, as shown in Fig. 4b
©= (solid curve). For upward propagating waves, the magnitude also decreases, becoming less positive (dashed curve).
Figure 4c ©= shows the resulting net vertical momentum-flux divergence; the momentum-flux divergence is discontinuous
at U = 0 and not smooth at the jet maximum. The discontinuity at U = 0 exists even in the presence of a continuous stack of
jets because the zonal direction for waves encountering critical layers with jets switches at that point.

This vertical discontinuity of the momentum-flux divergence illustrates a contradiction in our assumption that only
downgoing (upgoing) waves interact with the upper (lower) part of a jet. The contradiction is most apparent at U = O,
where the momentum contained in up- and downgoing waves should be equal and opposite in direction. By including
spectral replenishment via wave-wave interactions in (9), a vertically continuous momentum-flux divergence is produced in
section 4.

b. Estimating the momentum-flux divergence

With the above definitions, the momentum-flux divergence can now be estimated. A general expression for the
momentum-flux divergence of a unidirectional wave field is
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c. Dissipation

The energy-flux divergence is also an important quantity to investigate in a study of wave—-mean flow interactions. While
the momentum-flux divergence indicates where momentum is transferred from the internal wave field to the mean flow, the
dissipation rate indicates where wave energy is lost to turbulence. The turbulent dissipation rate & is measurable in the ocean,
providing an observational check to theoretical estimates of the level of internal wave interactions with the deep jets.

The dissipation rate is the divergence of the energy flux & = [V - F,| due to critical-layer interactions of internal waves

with the background mean flow (Kunze et al. 1995). As discussed in the introduction, the intrinsic energy of awave is lost
to turbulence at a critical layer since, in a Lagrangian frame, there is no background motion (Henyey et al. 1986). The
energy-flux divergence of awave is the change in energy-flux along aray path where the energy flux isF, = «v'p> = CgEI,

SO

_ aov'p") N Hw'p') _ H(CH},E,) N B{CH:E,)
dy 0z dy 0z

. (12)

Thisis easily calculated using the method derived to estimate momentum-flux divergences. Using definitions of the group
velocity for an internal wave and the frequency dependence of the GM spectrum, an analogous argument may be made to
that used in calculating the momentum-flux divergence. We find the vertical energy-flux divergenceis

d
—(C_E
0z (Cek)
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and the meridional energy-flux divergenceis
—(C E)
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(14)

The signs of both components of the energy-flux divergence are always positive since £ is a positive definite quantity.
While the actual energy flux depends on the direction of the group velocity (Fig. 4d ©=), the vertical divergence is
everywhere positive. This is accounted for with the absolute values used in (13) and (14). The meridional component is
included in our calculations, athough it accounts for less than 10% of the total dissipation.

4. Model results




Precise values for the momentum- and energy-flux divergences can only be obtained numerically. We attempt to refine
our estimate of the momentum-flux divergence by addressing the role of spectra replenishment of the internal wave field. If
replenishment is instantaneous both between and within the jets, then there will be no net momentum-flux divergence. Some
vertical anisotropy of the interval wave field is necessary for the existence of a nonzero net momentum-flux divergence.
Here we explore the limits between no spectral replenishment and complete replenishment and discuss the role of the vertical
wavelength of the jets.

Rays originating away from the deep jets encounter a critical layer on the edge of ajet, effectively shadowing the interior
of adjacent jet from critical-layer interactions. This effect isillustrated in Fig. 5 @=, where rays with vertical wave angles
steeper than S, or S_ (S, = *I/m are the slopes of the lines connecting the point in question with the maximum meridional

extent of the isotach) encounter a critical layer with the upper jet before reaching the lower jet. The region between the jets
should therefore be depleted of these steeper rays. Some energy in the internal wave band is replenished through wave-wave
interactions. We explore the effects of our various assumptions by calculating both the momentum- and energy-flux
divergences:

. with no replenishment,
. including replenished wave energy within each jet, and
. dtering the vertical wavelength and replenishment rate.
The magnitude and structure of the momentum- and energy-flux divergences are discussed for each scenario.
a. No replenishment

We first investigate the magnitudes of the momentum- and energy-flux divergences with no spectral replenishment of
shadowed rays between or within the deep jets by excluding all waves that would interact with an adjacent jet. Downgoing
rays with y—z slopes greater than S_ and less than S, encounter a critica layer in ajet without critical-layer interaction with

the jet above (Fig. 5 ©=). Neglecting curvature of the U, contour, where U, = U, exp[—yzr/(Z-‘ﬁ.z)], the slopes of these lines

are calculated assuming that the maximum (minimum) slope of aray intersects the upper U; contour at the minimum

(maximum) y for that contour. Neglecting this curvature produces errors in the slope of less than 10% that, in turn, lead to
uncertainties in the frequency cutoff of less than 10%. For northward(southward) propagating waves, the frequencies not
influenced by shadowing from above are those such that

S2N? + f?sin?6
sin?f + S2

(15)

W, < wWg =

The variables wg and wg, ae used to denote the equality of (15). In general, the sopesS_and S, are small (- 1 x
10_4), so almost all frequenciesf < < N are shadowed.

Using the above limit on the frequency range, we estimate the momentum-flux divergence under conditions of no
replenishment of depleted energy. Figure 6a @= shows a contour plot of the resulting vertical momentum-flux divergence.

The maximum is 1.5 x 10 8 m s™2. The effect of shadowi ng is most pronounced in the center of the jets, and at the depth

of the jet minimum (U = 0 cm s_l) where the contour of constant mean zonal velocity is horizontal. The extremely small
momentum-flux divergences in the center of the jets suggest that, without spectral replenishment, the internal wave field
would be spectrally depleted of high-wavenumber waves within the deep jets. This result contradicts observations (Hayes
and Powell 1980), and thus some spectral replenishment must occur between and within the deep jets.

Figure 6b ©= shows energy-flux divergence calculated with the same frequency limits. The largest energy-flux
divergences (peak values of 6 x 10 10 m? 573) are not on the equator but centered at 0.5°N (and S). This level of energy
dissipation would barely be noticeable above general oceanic dissipation and disagrees with dissipation rates of O(10’9) W

kg_l observed on the equator in the Pacific and Atlantic at the depth of the deep jets (Gregg et al. 1995; K. Polzin 1996,
persona communication). This strengthens our conclusion that some spectral replenishment must occur to allow the
observed elevated dissipation rates and lack of spectral depletion in the observed internal wave field.

b. Internal wave energy replenishment between and within the jets

Having established the shadowed momentum-flux divergence in the absence of any wave regeneration between or within
the jets, we now estimate how much energy can be replenished by wave-wave interactions. We calculate the time a ray
takes to reach an adjacent jet for comparison with wave-wave interaction replenishment timescales. Following one of the
trajectories shown in Fig. 5 ©=, aray starts just outside a region of critical U, heading toward a lower jet where the zonal




velocity again reaches a critical level. Moving along the ray, its energy gradually returnsto GM levels as longer-vertical-
wavelength internal waves interact with each other to replenish waves of short vertical wavelengths through parametric
instabilities and induced diffusion (Mdller et al. 1986). The travel time ¢, between the origin of the ray path and where that

ray encounters a critical layer is estimated as

r =~ J‘(dzﬂfﬁ)*w Az/C,,,

where Az is the vertical distance between identical isotachs in the two jets, and ng is taken to be a constant for the entire

trajectory estimated at the depth where U = 0. This estimate fails to account for variation of both vertical wavenumber and
intrinsic frequency over the ray path but suffices for arough calculation. Ray tracing simulations show this estimate is off
by afactor of 2 at most and is usually more accurate assuming a wave reaches a critical layer when its vertical wavelength
reaches 10 m. However, slight modification of the critical wavenumber criterion produces large variations in the ray travel
time. This contradiction is inherent in combining a ray-tracing approach with an ensemble description of the internal wave
field. Altering the estimate of vertical group velocity would change the magnitude of our results, but not the structure, as
discussed in the conclusions.

We assume that energy replenishment for any given frequency or vertical wavenumber occurs exponentialy over the time
period 7., so the energy of aray at acritical layer can be estimated as

E(Cﬂ, k:) = (Tr’I{Tﬂ)E'i'l}'l'(w? k:)
= Eop(o, k)[1 — Cxp(_ZV;:TJJa (16)
where EroT is the estimated GM energy. A simplified value for the Langevin rate for induced diffusion is used,

AzN>m*(w} — [2)[H/(2m)]
[l - (Wmu;mn)]ﬁfl(Nz - wj)

(17)

7, =64 X 10

from Pomphrey et al. (1980), where H is the depth of the water column. As with all internal wave estimates in this model,
f(3°N) is used.

Accounting for energy replenishment in the momentum-flux divergence requires separation into several frequency bands
according to local geometry. The slope and initial horizontal wavenumber angle of the wave, as well as the mean zona
velocity, determine which frequencies are shadowed, fully replenished, partialy replenished, or unavailable to interact at any
given point. The WKBJ limits of g © [y, o] derived in section 2 till apply; for a given initial horizontal wavenumber

angle 6, these are the only frequencies that can interact with a given zonal velocity U. Rays with frequencies wg € [wp ¢§

are unshadowed and therefore unaffected; all other frequencies have decreased energies. This information is summarized in
Table 1 ©=. Applying these constraints, the momentum-flux divergence at any pointi is

Ww'w'), = Wwhg — “ (j j J.m= H(m, 0) dmB, (v,) dw, d0

Pl

o1 oy L
- J. f j exp(—2v,7 )H(m, 6) dmB, (0,) dw, dO
=2 s, mmin I]

J f J H(m: 9) dmB,(w,) dw, df

j j f exp(—2v,7, )H(m, 0) dmB,, (w,) dw, dﬂ) (18)

v
(Click the equation graphic to enlarge/reduce size)

The range of horizontal wave angles is split between northward and southward propagating waves; the first two integrals




represent southward waves. The first and third integrals (I and I11) are identical to (7). The second and fourth integrals (11
and V) remove from that total waves with only partialy replenished energy.

The vertical momentum-flux divergence with shadowing and spectra replenishment is shown in Fig. 7a ©=. The
maximum momentum-flux divergence is now 18 x 108ms2 Comparing this value to the maximum of 1.5 x 108ms?2
in Fig. 6a @= indicates that a significant portion of internal wave energy is replenished between the jets. The highest
momentum-flux divergence is in the high shear layers between the jets. The structure is vertically discontinuous, and thus

this estimate of momentum-flux divergence is not physicaly realistic.

The energy-flux divergence is also modified by spectral replenishment due to wave-wave interactions. The same limits on
frequency as (18) apply. The shadowed regions have reduced energy-flux divergence due to incomplete spectral
replenishment as shown in Fig. 7b ©= The maximum energy-flux divergence is greater than the shadowed case by an order
of magnitude and supports our supposition that significant replenishment of energy is necessary to explain the elevated
dissipation rates observed in the shear zones between the deep jets (Gregg et al. 1995; K. Polzin 1996, personal
communication).

c. Replenishment within a jet

So far we have only considered critical layers occurring as a wave moves into a jet. If the frequency spectrum is
replenished in the low velocity regions between the jets, then replenishment of the spectrum through wave-wave interactions
within the jets must also be considered. The momentum-flux divergence due to waves propagating out of jets will partialy
balance the flux-divergence associated with waves propagating into jets. Figure 5 @ illustrates the three types of waves
included in this calculation.

Calculating the momentum-flux divergence inside a jet follows directly from calculation of momentum-flux divergence
between the jets described in section 4b. In this case, all frequencies are shadowed with no dependence on the vertical slope
of the ray path. The curvature of each U contour is neglected when calculating the thickness of the jet because meridional
variation only is important for rays with angles from the vertical less than z/100. With this assumption, the distance between
the contours of constant velocity is approximately Az = 2(z - zc), where Z is the depth of the jet maximum.

It is no longer logical to define the characteristics of waves as their value with no mean zonal velocity since the waves of
interest are not physically realizable outside a mean flow. Instead, waves are defined by their characteristics at the jet

maximum, U = +5 cm s 1, and o =og—kU = o The zonal wavenumber of waves encountering critical layersis now in
the same direction as U. For an unshadowed system, our estimate of the momentum-flux divergences (9) becomes

Hu'w') N oU oo
3 = ZEU ﬂJ__J‘ J ll o CXP(EV;:T;}]B(MU)
z N, o0z o

w; — [+ cosH

N — dw, db. (19)

The upper limit on frequency is that used in (18), our estimate of the replenished momentum-flux divergence, but the
lower limit is o, rather than W,g because al frequencies within the jets are shadowed.

Figure 8a @= shows how the addition of momentum-flux divergence from waves generated inside the jets greatly
decreases the total. Momentum-flux divergence from waves generated within each jet balances 90% of that generated
between the jets. The maximum value is reduced by a factor of 10 and the vertical structure is continuous (Fig. 8a @=).
Momentum-flux divergence is a minimum at the jet centers and is small in regions of small mean zonal velocity between the
jets. Although these are regions of high shear, the momentum-flux divergence due to waves generated within a jet
completely cancels that generated between the jets. The momentum-flux divergence is not significantly larger than without
spectral replenishment (Fig. 6a'@=), but the decrease is due to a more vertically isotropic rather than a depleted internal wave
field.

While the momentum-flux divergence is cancelled when two otherwise identical waves encounter critical layers
propagating vertically in opposite directions, the dissipation rate is doubled. Figure 8b ©= shows the dissipation rate including
replenishment within the jets. Values are in agreement with observations in the Pacific and Atlantic (Gregg et al. 1995; K.
Polzin 1996, persona communication).

d. Jets with longer vertical wavelengths

Strong zonal currents have also been observed in the equatorial Indian (Luyten and Swallow 1976) and Atlantic Oceans
(Ponte et al. 1990; J. Toole 1996, personal communication). Detailed estimates have not yet been made to determine their
vertical wavelength, but preliminary measurements indicate longer vertical wavelengths than the Pacific jets, roughly 500 m.




To estimate the effect longer vertical wavelengths would have on the momentum-flux divergence, we model ajet with a

500-m vertical wavelength, decreasing the minimum vertical wavelength, m™" = 0.05 rad m L. The structure of the
momentum-flux divergence remains the same, but the maximum value is half that of the shorter jet due to more complete
spectra replenishment. The decrease in magnitude would be greater if we only increased the vertical wavelength of the jet.
Expansion of the range of vertical wavenumbers available to interact with the jets counterbalances some of the reduction due
to increased isotropy of the internal wave field.

5. Conclusions

Our model of spectral replenishment through wave-wave interactions indicates that the distances between the jets are
sufficient for a significant fraction of the depleted internal wave band to be replenished. A large part of the finescale
spectrum can also become replenished in the region within each jet. Including replenishment by wave-wave interactions
both between and within the jets, we find vertically continuous momentum-flux divergences with maximum amplitudes of

1.8x108ms? (=5 cm s Y/month) and energy-flux divergences of 4 x 10w kg L. The estimated energy-flux
divergences are consistent with observed equatoria dissipation rates.

Model dependence on the vertical lengthscale of the deep jets indicates that the geometry of the deep jets has two
important effects. First, under any given replenishment scheme, jets of longer vertical wavelengths have lower momentum-
flux divergences as more of the spectrum can be replenished within each jet and so will more fully balance that generated
between the jets. Second, some vertical anisotropy in the internal wave field is necessary to produce net momentum-flux
divergences. Fortunately, the vertical wavelength of the Pacific jetsis well established by the LIPP data (Fig. 1 ©=);
additional analysis of existing data is required to establish the vertical wavelength of the Atlantic deep jets.

a. Implications

The magnitude of the momentum-flux divergence from the most redlistic of our model s—including shadowing and

replenishment both between and within the deep jets—is 1.8 x 10 8 m s 2 In section 4, we postulated a balance #i1/at =
—uw>_, where 1l is the flow forced by the momentum-flux divergence. Having quantified the momentum-flux divergence

<uw"_, the wave-driven acceleration can be aslarge as 1 cm s 1 week. Thisvaueis large compared with the observed 5

1

cm s — mean maximum velocity of the jets and calls into question the model assumptions. These are addressed next.

b. Assumptions

Our model of the momentum-flux divergence is based on a large number of assumptions concerning the dynamics of the
deep ocean. The major points that require attention are

. thetravel time of raysin shadowed zones can be estimated from the group velocity based on no mean flow,
the replenishment rate remains constant over the path of aray,

. the magnitude of the internal wave field available to interact with the deep jets, and
the deep jets are the only background flow.

Our first assumption is that we can estimate the travel time of aray propagating through a sheared flow using the frequency,
vertical wavenumber, and group velocity calculated at a point with no mean flow. This assumption is problematic
considering that the vertical group velocity can change by at least an order of magnitude over aray path. In addition, the
travel time approaching a critical layer is theoretically infinite. In al of our estimates we have chosen a vertical wavelength
cutoff of 10 m to avoid the rolloff region of the internal wave spectrum (Gregg et al. 1995). We calculated the travel time
for several rays in a shadow zone between the jets and found our estimate to be correct to within a factor of 2. However, a
reduction of a few metersin the choice of vertical cutoff greatly increases the travel time, so the choice of 10 m may be
serendipitous. A dependence on vertical wavenumber cutoff calls into question the spectral replenishment estimate.

Under(over)-estimate of the vertical group velocity would increase (decrease) the magnitude of the momentum-flux
divergence. However, the structure of the momentum-flux divergence would not be significantly altered and would still only
be significant in limited areas on the edges of the jet maxima.

Our use of a constant spectral replenishment rate over the path of aray is at best a rough guess. A more accurate model
would allow the replenishment rate to vary with frequency and vertical wavenumber (Mdller et a. 1986). However,
calculating the replenished energy for the entire frequency/wavenumber spectrum at every point within the jets would be
computationally prohibitive.

Greqgq et al. (1995) suggest spectra replenishment may be slower at low than at midlatitudes. A slower replenishment rate
would increase the magnitude of the momentum-flux divergence by restocking the depleted wave field between and within
the jets less. Altering the replenishment rate primarily influences the magnitude of the momentum-flux divergence, not the




dipolar structure nor the magnitude of the energy-flux divergence.

The magnitude of the internal wave field energy available to interact with the deep jets varies spatially and temporally by a
factor of 3. This variation would alter the momentum-flux divergences by the same degree over periods of afew months. In
addition, we have limited the frequency range to exclude waves of meridional mode n < 4. Asdiscussed in section 2c, this
limit could underestimate the momentum-flux divergences by a factor of 2.

An effect of the momentum-flux divergence that is even harder to estimate is that of interactions between internal waves
and shear flows other than deep jets. The deep equatorial ocean contains a plethora of equatorially trapped and other strong
vertical shears with periods ranging from 2 weeks to 2 years. Ponte and Luyten (1989) find significant peak energy at 560
sm (stretched meters), well removed from the peak associated with the deep jets. Both peaks lie above an energetic
spectrum. Elevated dissipation levels in high shear zones on the equator occur not just between the deep jets but anywhere
the vertical shear of the meridional velocity islarge as well (M.C. Gregg 1996, personal communication). Interna wave
interactions with other shears will weaken the momentum-flux divergence because of the more random distribution of
critical-layer interactions.

If the replenishment rate is Slow, then a sizeable percentage of the internal wave field encounters critical-layer interactions
with motions other than the jets, thereby greatly decreasing the amount of energy available to interact with the deep jets.
Quantifying this effect is difficult. Ponte and Luyten (1989) estimated that the deep jets account for roughly 20% of the total
variance in the vertical wavenumber spectrum. If only 20% of the finescale internal wave field interacts with the deep jets
and the remaining 80% interacts with other sheared flows, then the vertical momentum-flux divergence would reach a

maximum of 3x 10 °ms2=9cm s Yyr.

We emphasize that al the assumptions we have discussed above alter the magnitude of the momentum-flux divergence
but not the structure. Despite uncertainties in the spectral replenishment scheme, the following conclusions are robust under
other models of spectral replenishment:

momentum-flux deposition is confined to the high shear layers between the jets,
. observed dissipation rates require some spectral replenishment, and

. aslong as spectral replenishment is not instantaneous, there is a vertical momentum-flux divergence associated with
the deep jets.

The magnitude and structure of the accelerations that result from our estimate of momentum-flux divergence remain to be
explored, but from rough calculations small momentum-flux divergences could result in large accelerations of the mean
flow.
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APPENDIX A
6. The Garrett—Munk Spectrum

The GM spectrum can be expressed as

%wl_fﬁ

oD (w, m) = b? E(w, m), (Al)

N w?
N
oS (@, m) = B*N N| ——— |E(w, m), (A2)
where
E[b
E(w, m) = ?B(w)H{m), (A3)

the energy parameter E; = 4.6 x 10 9s L fissetat f(3°N) = 7.6 x 10 %571, and the stratification scale b = N/N, = 1300
m. The GM frequency functions for horizontal and vertical velocity, and buoyancy are

B, (w,) = NN

B (Wn) = NN — (Ad)
| W,V Wi — Jr"

_ N, Voi — f?

Bw(m[]) - F—:‘
W
Naj = J
B,(w,) = N,N- P (AS)
0

Horizontal velocity is separated into the components perpendicular and parallel to the horizontal wavenumber angle, 6, u =
U|cosf — u| sing; v =u|sing + u cosd. The vertical wavenumber dependence is

H(m) = ——— et (A6)

We have chosen a vertical mode number j* = 3, which at midlatitudes contains the peak kinetic energy and corresponds
tom* = 9x 10 3radm * (i*z =700 m).

Tables

Table 1. Variables.

Variable Definition Reference

w Lower frequency limit due to WKB ®)
scaling

Wy Upper frequency limit due to WKB (O]
sealing

W Upper frequency limit on waves not (15)
shadowed

T, Travel time between jets Az/C,

v, Lagevin replenishment rate an

mei(i)  Initial vertical wavenumber of wave )
encountering a critical layer at ¢

[ 0.1 rad, minimum horizontal wave- Section 1c
number to avoid establishment of
meridional modes

Click on thumbnail for full-sized image.




Figures

Click on thumbnail for full-sized image.

Fig. 1. Meridiona structure of the residual mean zonal currents. To separate the deep jets from the larger vertical scale
structure, the 16-month mean zonal velocity field has been decomposed into alow-mode component (not shown) and a high-
mode residual (Firing 1988). The deep jets are constrained to the equator and have an average vertical wavelength of 330 m.

Click on thumbnail for full-szed image.

Fig. 2. Critical vertical wavenumber as afunction of frequency for different values of U cosf (cm sfl). On each plot, horizontal
linesmark m™" = 0.08 rad m 2, the lowest wavenumber available to interact with the deep jets under WK B scaling and m™® =
0.6radm 2, the GM spectral rolloff. Theregion highlighted in gray signifies frequencies and vertical wavenumbers available to
encounter critical layersfor this value of mean zonal velocity and horizontal wave angle. In (a) and (b), the frequency limits w;

and wy are defined as the frequencies at which m=0.08 rad m Lintersectsthe U cosf=1cms *and2cms * lines, respectively.

Click on thumbnail for full-sized image.

Fig. 3. Rays of the same initial frequency, horizontal wavevector angle and initial position but different initial vertical
wavenumbers follow the same path in a southwesterly direction until acritical level isreached in an eastward jet. The lower inset
shows in detail how theraysreach acritical layer. Theinset on the upper right shows the large-scale view, including theinitial

position of the rays. Gray shading indicates westward flow. Contour intervalsare +1, 2, and 4 cm s tinthe large view and 0.2 cm
s Linthe lower detailed view. Initial vertical wavelength varies from 33.1to 35.3 m.

Click on thumbhail for full-sized image.

Fig. 4. Schematic of momentum-flux divergence at an isolated eastward jet. The mean zonal velocity with depth is shownin (a).
The momentum-flux (b) only changes where the zonal velocity changes. The solid line is the momentum-flux divergence for
downward-propagating waves, the dashed upward. The momentum-flux divergence (c) is vertically discontinuous. The vertical
component of the energy-flux (d) is also in the opposite direction for up- and downgoing waves, but its vertical divergence (€) is
always positive definite.
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Fig. 5. Ray pathsin shadow zones. Arrows show the direction of propagation. The black dashed ovals are contours of
constant zonal velocity U, and (yi, Zi) isthe point where the rays encounter acritical layer. The threeray types are (i) those

originating from the shadowed zone between the jets (dashed downgoing rays), (ii) rays generated within the lower jet (dashed
upgoing rays), and (iii) rays uninfluenced by the presence of adjacent jets (solid downgoing rays).

Click on thumbnail for full-sized image.

Fig. 6. Energy dissipation dueto internal waves reaching critical layersin the deep jets, including the effects of shadowing by
adjacent jets. Dissipation is reduced by an order of magnitude from estimates without adjacent jets, with a maximum of only 6 x

10 19m? g3 =W kgfl). In addition, the highest dissipation rates are no longer at the equator, but are located at 0.5°N (and S).
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Fig. 7. Momentum-flux divergence estimated with the influence of shadowing by adjacent jets and spectral replenishment
between the jets.

Click on thumbnallfor fullszed image.

Fig. 8. Momentum-flux divergence estimated assuming influence of shadow effects between the jets and allowing spectral
replenishment within each jet. The addition of momentum-flux divergence from waves generated within each jet balances a
significant portion of the momentum-flux divergence.
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