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Abstract Little is known about mixing in the abyssal equatorial oceans in spite of its inferred importance
for upwelling dense water. Here we present full-depth microstructure turbulence proﬁles obtained in the
equatorial Paciﬁc that show evidence for intense wind-generated abyssal mixing. Mixing was intensiﬁed
over the bottom 700 m where the diﬀusivity reached 10−3 m2 s−1 , of similar intensity to mixing driven
by tidal ﬂow over rough topography. However, here the mixing was found over smooth topography. We
suggest that the intense mixing could have been driven by surface-generated equatorial waves through two
possible mechanisms: (1) near-bottom wave trapping as a result of the horizontal component of the Earth’s
rotation and (2) inertial instability. The generation of lee waves over smooth topography at low latitudes and
their subsequent breaking is another viable mechanism for the mixing.

1. Introduction
Turbulence-enhanced mixing in the abyssal ocean controls the vertical structure of the ocean interior and
thus quantifying its sources of energy and spatial structure is crucial for understanding the abyssal ocean
circulation [Ito and Marshall, 2008; Ferrari, 2014]. Munk and Wunsch [1998] suggested that an energy ﬂux
of ∼2 TW is required to drive abyssal mixing, provided in roughly equal portions by tides and winds
[Wunsch and Ferrari, 2004]. Much work has focused on the generation of internal tides [Laurent, 2002; Kunze
et al., 2006; Garrett and Kunze, 2007] and lee waves [Nikurashin and Ferrari, 2010, 2013] by tidal and geostrophic
ﬂow over rough topography and their subsequent breaking through a nonlinear downscale cascade of internal wave energy [Gregg, 1989; Sun and Kunze, 1999]. These processes generate seaﬂoor-intensiﬁed proﬁles of
mixing over topographic features [Ledwell et al., 2000; Waterhouse et al., 2014] which are consistent with the
current understanding of the abyssal circulation [Ferrari, 2014] and account for an estimated 1.2–1.4 TW of
energy input to mixing [Wunsch and Ferrari, 2004; Nikurashin and Ferrari, 2013]. However, less is known about
the remaining 0.6–0.8 TW, a signiﬁcant proportion of which is thought to be provided by internal waves
generated by winds at the surface.
In addition to the energy sources driving mixing, the spatial distribution of mixing is not well known. The
data obtained so far are sparse and suggest that spatial variability is large [Whalen et al., 2012; Waterhouse
et al., 2014], indicating that uncertainties in global mean values are still large [Ivey et al., 2008]. Much recent
work has focused on midlatitude and high-latitude regions such as the Southern Ocean [Garabato et al., 2004;
Sheen et al., 2014]. However, inverse models of the ocean’s mass budget predict that much of the zonally integrated diapycnal ﬂow closing the abyssal meridional overturning cell occurs in the tropical Indian and Paciﬁc
Oceans [Lumpkin and Speer, 2007]. These regions are poorly sampled, particularly the near-equatorial oceans.
Nikurashin and Ferrari [2013] suggested that the equatorial region was a hot spot for deep mixing using
an empirical parameterization of tidal and lee-wave-driven interior mixing. In particular, their parameterization predicted enhanced lee-wave-driven mixing near the equator even in regions with relatively smooth
topography. However, global estimates of abyssal mixing rates obtained using ﬁne-scale parameterizations
for internal wave mixing suggest that mixing at the equator is weak [Kunze et al., 2006]. Some observational
work has focused on the upper 1000 m and shown high levels of mixing in the vicinity of the deep equatorial
jets [Dengler and Quadfasel, 2002; Whalen et al., 2012]. However, our focus here is on abyssal mixing that could
contribute to closure of the abyssal overturning cell.
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suggesting that the tides do not energize the mixing, although topographic lee waves remain a possible explanation. However, our observations suggest that this mixing could also have been energized by a
low-frequency equatorially trapped wave generated by winds at the surface. The article is organized as follows. In section 2 we describe the data and data processing. In section 3 we describe the main features of
the mixing data. In section 4 we discuss the potential mechanisms driving the observed mixing. Section 5
concludes. The supporting information provides a description of the microstructure turbulence measurement techniques, analysis of the shipboard acoustic Doppler current proﬁler (SADCP) data, a description of
the linear wave theory used in section 4.1, and Figures S1–S6.

2. Data and Methods
The 𝜒 -pod microstructure turbulence instrument [Moum and Nash, 2009] used in this study measures
temperature gradients at high resolution using fast-response thermistors mounted on a conductivitytemperature-depth (CTD) cage. To avoid the inﬂuence of the wake of the CTD cage on the measurements,
thermistors are mounted extending from the top and bottom of the CTD package and data are only used provided the CTD package is moving vertically faster than 0.4 m s−1 . Measurements of small-scale temperature
gradients in the diﬀusive subrange of turbulence allow a direct estimate of the dissipation rate of temperature
variance 𝜒 . From this direct measurement of 𝜒 , an estimate of the Brunt-Väisälä frequency N2 from the CTD
data, and several standard assumptions, indirect estimates for the diﬀusivity 𝜅T and rate of turbulent kinetic
energy dissipation 𝜖 can also be derived. In the supporting information we provide a more detailed description
of the measurement techniques and assumptions and discuss the accuracy of the 𝜒 , 𝜅T , and 𝜖 estimates.
Full-depth velocity proﬁles were calculated from data obtained using lowered acoustic Doppler current proﬁler (LADCP) instruments using the LDEO software developed by A. Thurnherr based on the method of Fischer
and Visbeck [1993]. The quality of the data was conﬁrmed by comparing proﬁles with SADCP data and bottom
tracked velocities and by comparing proﬁles calculated from all odd pings and all even pings independently.

3. Results
The observed properties of mixing as quantiﬁed with 𝜒 , 𝜖 , and 𝜅T range over several orders of magnitude
(Figure 1). Large temperature variance dissipation 𝜒 > 10−7 K2 s−1 (Figures 1a and 1b) occurs in the upper
250 m, particularly near the equator, associated with upper ocean mixing processes such as shear instability
in the Equatorial Undercurrent [Gregg et al., 1985]. Enhanced 𝜒 ∼ 10−9 K2 s−1 occurs between 250 m and
1000 m and generally small 𝜒 < 10−9 K2 s−1 occurs below 1000 m. However, there is a region of large 𝜒 peaking
at 10−8 K2 s−1 at 1/2∘ S between 3200 m and the seaﬂoor (Figure 1b). There is also evidence of enhanced 𝜒
reaching 10−9 K2 s−1 close to the seaﬂoor.
Our indirect estimates of 𝜖 and 𝜅T follow the dependencies 𝜖 ∼ 𝜒∕N2 and 𝜅T ∼ 𝜒∕N4 , provided that temperature dominates stratiﬁcation. Thus, 𝜖 and 𝜅T are artiﬁcially enhanced with depth by small values of N2 where
𝜒 is at noise levels (Figure S2). This clearly dominates over the depth range 2000 to 3200 m (Figures 1a, 1c,
and 1e). However, below 3200 m, 𝜒 is signiﬁcantly above noise levels; here 𝜖 and 𝜅T are large and signiﬁcant.
Averaged over all casts and in 200 m bins, 𝜖 exceeds 10−9 W kg−1 (Figure 1c) and 𝜅T reaches 10−3 m2 s−1
(Figure 1e).
The large temporal and spatial variability in the observations is typical of lognormally distributed turbulence
data. Average values are dominated by intermittent (in both space and time) energetic events [Baker and
Gibson, 1987; Moum et al., 2002; Alford et al., 2011]. This is made evident by comparing 200 m bin-averaged
values across casts to 200 m binned median values (compare orange with white lines in Figures 1a, 1c,
and 1e). The energetic event captured between 3200 m and 3600 m at 1/2∘ S has a large inﬂuence on the
bin-averaged mixing, despite only representing 9% of the data in these bins (Figure 2). Between 3200 m and
3400 m, distributions of 𝜒 and 𝜖 excluding the cast containing the high mixing event have means of 3.4
(3.0, 4.7) × 10−11 K2 s−1 and 4.7 (4.4, 5.3) × 10−10 W kg−1 , respectively (where the brackets refer to a 95% bootstrapped conﬁdence interval), and are well described by lognormal distributions (dashed lines in Figure 2).
With the cast containing the event included, the distribution means increase by almost an order of magnitude
to 2.5 (1.8, 3.8) × 10−10 K2 s−1 and 2.7 (2.2, 3.7) × 10−9 W kg−1 , and the distributions acquire positive skew in
log space. The potential source of enhanced mixing in this patch is the focus of section 4.
HOLMES ET AL.
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Figure 1. Maps of (b) 𝜒 , (d) 𝜖 , and (f ) 𝜅T from the 𝜒 -pod data. Mean values of 20 m vertical bins are shown for each up (left column) and down (right column)
cast, with the date of the cast in November (N) or December (D) 2014 indicated above (Figure 1b). Note that the x axis is not linear. Binned estimates across all
casts within ±2∘ of the equator for (a) 𝜒 , (c) 𝜖 , and (e) 𝜅T . The bottom bin is not included for 𝜖 and 𝜅T because of very low stratiﬁcation that renders the estimates
unreliable. The gray shading represents the distribution of estimates in each 200 m bin, and the median (white) and mean with conﬁdence intervals (orange with
yellow boxes) are also shown. There are close to 6000 individual estimates in each 200 m bin. The conﬁdence intervals on the mean take into account the noise
ﬂoor of the instrument (Figure S2). Also shown in Figures 1c and 1e for comparison are proﬁles from Figure 7 of Waterhouse et al. [2014] (reproduced with
permission) of 𝜖 and 𝜅T above smooth (red), rough (green), and mid-ocean ridge (blue) topography. These are positioned in the vertical assuming a mean
seaﬂoor depth of 3830 m.
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Figure 2. Histograms of estimates of (a) 𝜒 and (b) 𝜖 in the 3400–3600 m bin. The yellow portion indicates values from
cast 7 at 1/2∘ S containing the deep mixing event, while the green portion indicates values from other casts. Note that
the vertical scale has been split into two sections for emphasis. Above the histograms are the median, 0.025% and
0.975% quantiles both with and without cast 7, and the mean with 95% bootstrapped conﬁdence intervals (black line
with ﬁlled interval). In addition, the gray dashed lines indicate lognormal ﬁts to each distribution, with their means
indicated with gray boxes above the histograms.

There is some evidence of enhanced turbulence in the range 250m to 1000m (see Figure 1a), potentially associated with the deep equatorial jets that are prominent in this depth range [Firing et al., 1998; Dengler and
Quadfasel, 2002].
A global compilation of microstructure measurements by Waterhouse et al. [2014] is classiﬁed according to
topographic roughness (shown as red, green, and blue lines in Figures 1c and 1e) as this is recognized as a
factor that inﬂuences the intensity of turbulence [Ledwell et al., 2000; St. Laurent et al., 2002; Whalen et al., 2012;
Nikurashin and Ferrari, 2013]. Above 3200 m, our bin-averaged 𝜖 values are slightly larger than typical values
found over smooth topography (Figure 1c). The 𝜅T values in this depth range are somewhat larger again,
lying close to values found over rough topography (Figure 1e). However, below 3200 m, 𝜖 and 𝜅T values are
comparable to energetic turbulent mixing observed over mid-ocean ridges. This enhancement is mostly a
result of the region of energetic mixing at 1/2∘ S.

4. Discussion
At 1/2∘ S enhanced values of 𝜒 and 𝜖 reach 700 m above the seaﬂoor, collocated with a layer of enhanced
vertical shear in the meridional velocity between 3600 m and 3800 m (Figure 3a) with relatively low stratiﬁcation capped by a strongly stratiﬁed layer of 40 m thickness. Throughout much of this shear layer Sh2 > 4N2 ,
where Sh2 is the squared shear, indicating that the Richardson number (Ri = N2 /Sh2 ) is below 1∕4, potentially
favorable for the generation of vertical shear instabilities (Figure 3b). Interestingly, the observed enhanced
mixing extends roughly 400 m above the region of low Ri, suggesting that vertical shear instability may not
be the only process active. A second instability typically associated with strong lateral shears is inertial instability [Dunkerton, 1981], which is thought to play a role in mixing the upper equatorial oceans [Hua et al., 1997;
HOLMES ET AL.
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Figure 3. Proﬁles of (a) zonal and meridional velocity (bottom axis) and potential density (top axis), (b) Sh2 and 4N2 , and
(c) 𝜒 from cast 7 at 1/2∘ S. In Figure 3a, both raw LADCP velocities with error bars (thin lines) and 100 m triangle ﬁltered
velocities (thick lines) are shown. The curves in Figure 3b are calculated from velocity and density data binned at 1 m and
ﬁltered with a 100 m triangle ﬁlter. (d) Absolute momentum M = U − 12 𝛽y2 from the LADCP data for cast 7 at 1/2∘ S (blue)
and cast 6 at the equator (red). The dashed lines show unperturbed (U = 0) absolute momentum at 0∘ , ±0.5∘ , and ±1∘ .

Richards and Edwards, 2003]. An inertially unstable ﬂow is characterized by a meridional gradient in absolute
momentum M,
1
M = U − 𝛽y2 ,
(1)
2
of the same sign as the Coriolis parameter f = 2Ω sin 𝜙 (𝜙 is latitude and Ω is the Earth’s rotation rate) and is
common at the equator when the maximum in M is displaced away from the equator. In equation (1), U and y
are the zonal velocity and meridional position of a ﬂuid parcel and 𝛽 is the meridional gradient in f . Evaluated
using LADCP zonal velocity proﬁles obtained less than a day apart, the absolute momentum M below 3200 m
at 1/2∘ S is larger than that at the equator (Figure 3d), suggesting that the ﬂow at 1/2∘ S is unstable to inertial
instability. Thus, the region of enhanced turbulence below 3200 m at 1/2∘ S is associated with ﬂow unstable
to both vertical shear instability and inertial instability.
What process/processes are responsible for the unstable ﬂow and enhanced mixing in this region? A common cause of enhanced near-bottom mixing is local internal wave breaking associated with tidal interactions
with rough topography. Following Whalen et al. [2012] and using the Smith and Sandwell [1997] ship-sounding
bathymetry version 18.1, we ﬁnd that the average topographic roughness (variance of 1′ topographic height
averaged in 30 km bins) in the study region is 1.34 (1.04, 1.84) × 103 m2 , which is in the smooth topography regime of Whalen et al. [2012] and Waterhouse et al. [2014]. Furthermore, the nearby East Paciﬁc
Rise while rougher than our study region is relatively smooth by global standards [St. Laurent et al., 2002;
Whalen et al., 2012], and St. Laurent and Garrett [2002] conclude that the generation of internal tides through
tidal-topographic interactions there should be relatively weak.
In addition to internal tides, other possibilities excluded here are double diﬀusive instabilities and hydrothermal activity. With these processes excluded, we ﬁrst explore the possibility that the mixing patch was
associated with the breaking of an internal wave generated in the upper ocean. There exists extensive
observational evidence of downward propagating equatorially trapped waves below the thermocline in
the equatorial Paciﬁc [Harvey and Patzert, 1976; Eriksen and Richman, 1988], Atlantic [Weisberg and Horigan,
1981; Brandt and Eden, 2005] and Indian [Smyth et al., 2015] Oceans. Downward propagating Yanai waves
in the Paciﬁc with a strong signature in meridional velocity, periods near 30 days, and zonal wavelengths
near 1000 km have been observed and modeled by Cox [1980], Eriksen and Richman [1988], and Ascani et al.
[2010]. Yanai waves are believed to be generated by wind events [Sengupta et al., 2004; Guiavarc’h et al., 2008;
HOLMES ET AL.
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Sriver et al., 2013] and tropical instability waves [Cox, 1980] in the upper ocean. In addition, higher-frequency
downward propagating gravity waves have also been observed [Horigan and Weisberg, 1981].
It is diﬃcult to directly investigate the existence of waves in the LADCP and CTD data because of the lack of
temporal information. However, using velocity proﬁles obtained every minute using the SADCP and a similar
analysis to that of Smyth et al. [2015] reveals evidence of a downward propagating Yanai wave in the depth
range 500 m to 650 m with 16.75 (13.14, 20.90) day period and a downward energy ﬂux of 2.0 (0.4, 5.5) mW m−2
(Figures S3 and S4). This is comparable to the value of 1.50 (0.69, 2.88) mW m−2 estimated by Smyth et al.
[2015] for a Yanai wave in the Indian ocean. Taking into account the seasonal variations as discussed by Smyth
et al. [2015], these are comparable to the observations of Eriksen and Richman [1988] of Yanai waves in the
intermediate depth range 1000 m–3000 m around 140∘ W in the Paciﬁc. As these wave signals were identiﬁed
well below the thermocline and strong mean ﬂows of the upper equatorial ocean, it is conceivable that they
propagate to the seaﬂoor with little attenuation. Performing a meridional average (between ±2∘ ) and depth
integral of the observed dissipation 𝜖 between 3200 m and 3600 m (estimates of 𝜖 below 3600 m are unreliable
because of weak stratiﬁcation) gives an average dissipation rate of 0.93 (0.69, 1.20) mW m−2 , close in value to
our estimates of downward wave energy ﬂuxes and with the Smyth et al. [2015] and Eriksen and Richman [1988]
estimates. This suggests that there is at least enough energy in the downward propagating low-frequency
equatorial waves to account for the observed energy dissipation.
Both the downward 2 mW m−2 energy ﬂux of the Yanai wave and the average dissipation rate of 1 mW m−2
are comparable to the ∼1 mW m−2 energy ﬂux into topographic lee waves estimated by Nikurashin and Ferrari
[2013] for this location (see their Figure 1b). Thus, lee waves are another potential source of energy for the
mixing. The generation of lee waves over smooth topography here is a consequence of the enhanced bottom
kinetic energy in the equatorial band used in their calculation [see Nikurashin and Ferrari, 2011, Figure 2c]. It
is not clear what the source of this bottom kinetic energy is. Since it is conﬁned to the equatorial band, one
possibility is downward propagating equatorial waves. A persistent near-bottom current driven by a zonal
pressure gradient is another possibility, but our observations are not suﬃcient to establish this. More research
is required to disentangle the relationships between equatorial waves, enhanced bottom kinetic energy, and
lee wave generation.
For the downward propagating equatorial wave hypothesis, the remaining question is why the wave energy
ﬂux might converge where the mixing was observed. Typical wave breaking can occur at critical layers in a
background mean ﬂow. However, there is no evidence for any deep zonal ﬂows in the LADCP observations of
comparable magnitude to the zonal phase speed of the Yanai wave found in the SADCP data. In addition, the
stratiﬁcation generally reduces toward the seaﬂoor, implying that the vertical wavelength of the wave should
increase and shear decrease with time as it descends in the water column. In the next two subsections we
describe two mechanisms through which a low-frequency wave at this location could lead to unstable ﬂow
and mixing.
4.1. Near-Bottom Wave Trapping Associated With the Horizontal Component of the Earth’s Rotation
Gerkema and Shrira [2005] and Winters et al. [2011] describe a mechanism through which the horizontal component of Earth’s rotation, f̃ ∕2 = Ω cos 𝜙, can drive trapping of internal waves in the deep ocean where N2 is
small. With the inclusion of the Coriolis force associated with f̃ , the following simpliﬁed dispersion relation for
linear, zonally-uniform waves can be derived (see Text S3 in the supporting information),
𝜔2 = f 2 + 2f f̃ 𝛼 + (N2 + f̃ 2 )𝛼 2 ,

(2)

where 𝛼 = l∕m, l is the meridional wave number, m is the vertical wave number, and 𝜔 is the frequency.
The aspect ratio of the wave and the slope of wave characteristics, 𝛼 , in general, can have two solutions 𝛼+
and 𝛼− . This dispersion relation is similar to that for classical internal waves with the additional terms containing the horizontal Coriolis parameter f̃ . These terms are most important near the equator where f̃ is a
maximum and f a minimum [Gerkema et al., 2008].
The inclusion of f̃ in the dispersion relation equation (2) allows waves to exist with subinertial frequencies (𝜔 < f ; as noted by Cushman-Roisin [1996]) in regions of low stratiﬁcation, typically near the seaﬂoor
(the region between the dashed and solid lines in Figure 4b). At subinertial frequencies, both characteristics have slopes with sign opposite to f . Consequently, a wave ray reﬂecting oﬀ the seaﬂoor here propagates
poleward into a region of decreasing volume where the wave energy density ampliﬁes, potentially leading
to breaking (see inset in Figure 4). In addition, the inclusion of f̃ allows waves to undergo critical reﬂection
HOLMES ET AL.
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Figure 4. Comparison of solutions to the two-dimensional wave equation (a,c) excluding and (b,d) including the horizontal component of the Earth’s rotation
for waves with frequency equal to the inertial frequency at 1.5∘ latitude. See Text S3 in the supporting information for a description of the numerical solution
method. The region where propagating waves are permitted is equatorward of the thick lines, with the dashed lines in Figure 4b indicating the inertial latitude.
Forcing is applied within the purple hatched box. Figures 4a and 4b show meridional velocity while Figures 4c and 4d show Ri−1 . Fields are plotted at phase 0.
Also shown in Figures 4a and 4b are wave rays originating at 150 m depth at the equator. The inset shows a magniﬁcation of a ray entering the trapping region.
This trapping behavior is responsible for the near-bottom enhancement in Ri−1 when including f̃ in Figure 4d.

oﬀ a ﬂat bottom at their inertial latitude (that is the latitude where their frequency equals f , dashed lines in
Figure 4b) [Winters et al., 2011], also potentially leading to ampliﬁcation, breaking, and mixing.
To establish whether the dynamics associated with f̃ could be responsible for the observed patch of enhanced
mixing, we numerically investigated the properties of time-periodic, zonally-uniform linear waves on an equatorial 𝛽 plane both with and without f̃ (see Text S3 in the supporting information for a description of the
numerical solution method). With forcing distributed over the upper ocean, the numerical solutions produce clear modal patterns in meridional velocity both with and without f̃ (Figures 4a and 4b). However,
with f̃ included, there is an enhancement in Ri−1 along wave beams entering the trapping regions (Figure 4d).
Evidently, these regions act to focus wave energy resulting in enhanced shears and lower Ri. Similar dynamics have been explored in the midlatitudes by Shrira and Townsend [2010, 2013], who discuss the potential for
enhanced deep mixing driven by internal waves when their physics is modiﬁed by f̃ .
While the energy ﬂux required to balance the total observed dissipation was ∼1 mW m−2 , the observations suggest that much of this energy ﬂux converges at 1/2∘ S. Analysis of the SADCP data (Figure S3)
and previous studies [Eriksen and Richman, 1988; Smyth et al., 2015; Ascani et al., 2010] indicate that Yanai
waves in the equatorial oceans have dominant periods of 15–30 days, corresponding to inertial latitudes of
0.95∘ –1.90∘ . This is poleward of the observed mixing event. However, the numerical solutions (Figure 4d)
show enhanced Ri−1 not only at the seaﬂoor near the inertial latitude but also along wave beams stretching
back toward the equator, potentially explaining why the observed patch of mixing extends well above the
seaﬂoor (Figures 3c and 3d). Along the wave beams in the numerical solutions Ri does not reach values <1/4,
although it should be noted that these are linear, time-periodic solutions that assume a laterally-uniform
stratiﬁcation. The introduction of the nonlinear terms, which are largest along the wave rays, time dependence,
and meridionally-inhomogeneous stratiﬁcation will enhance mixing in some regions and suppress it in others.
Finally, numerical solutions forced only over the Northern Hemisphere produce much lower Ri to the south
of the equator than to the north (Figure S5), potentially explaining why enhanced mixing was only observed
to the south of the equator.
4.2. Inertial Instability
As noted above, the ﬂow at 1/2∘ S was found to be inertially unstable as the absolute momentum M was higher
there than at the equator (Figure 3d). The region of instability below 3200 m corresponds closely to the region
of observed mixing, suggesting a link between the two. Inertial instability has been linked to small-scale turbulent mixing in the coastal environment [Dewar et al., 2015]. However, this link must be treated with caution,
HOLMES ET AL.
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as the ﬂow was also unstable above 2800 m where mixing was not observed (compare Figures 3c and 3d
above 2800 m). The ultimate source of energy for the inertial instability, and any subsequent mixing, is the
source of the displacement of the maximum in absolute momentum away from the equator. The equatorial
wave motions considered above drive periodic particle displacements away from the equator (for example,
Figure 4), where inertial instability can then act most eﬃciently at the limit of the displacement. Analysis of
T-S properties below 3000 m (not shown) suggests that ﬂuid parcels were displaced southward on 13 and
14 November when the mixing patch was observed, lending support to this hypothesis. Examination of the
absolute momentum from the numerical solutions considered in the previous section shows that a southern
maximum in absolute momentum can occur; however, positive values of M cannot be generated (Figure S6).
The maximum growth rate of inertial instability is half the cross-equatorial shear [Dunkerton, 1981; Griﬃths,
2003]. Using the shear in zonal velocity between 1/2∘ S and the equator yields an inverse maximum growth
rate of 7–14 days between the depths of 3400 m and 3600 m, which is less than the estimated 15–30 day
wave period. While the cross-equatorial shear is not well resolved with our sparse measurements, this suggests that inertial instability may have enough time to act while ﬂuid parcels are displaced southward, and
thus, it cannot be ruled out as a mechanism potentially responsible for the patch of observed mixing.

5. Conclusion
Turbulence observations obtained in the eastern equatorial Paciﬁc over topographically smooth seaﬂoor
show seaﬂoor-intensiﬁed mixing with diﬀusivities reaching 10−3 m2 s−1 , comparable in intensity and structure to energetic mixing associated with tidal ﬂow over rough topography (Figure 1e). The generation and
breaking of lee waves over relatively smooth topography is possible at equatorial latitudes and is one possible explanation for the observed mixing. However, our observations suggest that the turbulence could also
have been energized by a low-frequency equatorial wave generated at the surface. We propose two mechanisms through which such a wave could create instabilities immediately above the seaﬂoor: (1) near-bottom
wave trapping driven by the horizontal component of the Earth’s rotation and (2) inertial instability generated
through wave-driven displacement of ﬂuid away from the equator. All three possible mechanisms discussed
here constitute a unique energy pathway through which wind energy ultimately mixes the deep equatorial
ocean away from regions of rough topography. Unfortunately, present observations are insuﬃcient to conclusively establish the source of the turbulence, highlighting the need for more observations. Future theoretical
and numerical work will focus on quantifying the potential contribution of these mechanisms to mixing the
deep equatorial oceans.
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