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TURBULENCE AND 
VORTICITY

IN THE WAKE OF PALAU

The Slocum glider used in the study is pictured along 
with the lead author during initial dives along the west-
ern side of Palau. Photo credit: Harper Simmons

ABSTRACT. The interaction of flow with steep island and ridge topography at the 
Palau island chain leads to rich vorticity fields that generate a cascade of motions. The 
energy transfer to small scales removes energy from the large-scale mean flow of the 
equatorial current systems and feeds energy to the fine and microstructure scales where 
instability mechanisms lead to turbulence and dissipation. Until now, direct assess-
ments of the turbulence associated with island wakes have received only minimal 
attention. Here, we examine data collected from an ocean glider equipped with micro-
structure sensors that flew in the island wake of Palau. We use a combination of sub-
mesoscale modeling and direct observation to quantify the relationship between vor-
ticity and turbulence levels. We find that direct wind-driven mixing only accounts for 
about 10% of the observed turbulence levels, suggesting that most of the energy for 
mixing is extracted from the shear associated with the vorticity field in the island’s 
wake. Below the surface layer, enhanced turbulence correlates with the phase and mag-
nitude of the relative vorticity and strain levels of the mesoscale flow. 

By Louis St. Laurent, Takashi Ijichi, Sophia T. Merrifield, 
Justin Shapiro, and Harper L. Simmons
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INTRODUCTION
The western Pacific region of inter-
est for the Flow Encountering Abrupt 
Topography (FLEAT) program provided 
a rich environment for exploring the 
class of ocean processes that occur when 
large-scale flows break down into vortic-
ity wakes. In particular, there is generally 
flow in this region from both the North 
Equatorial Current (NEC) and the North 
Equatorial Countercurrent (NECC) in 
the latitude zone between 5°N and 15°N. 
As described by Simmons et al. (2019, in 
this issue), both flows shed strong wakes 
from the islands of Guam, Yap, and Palau, 
leaving pronounced signatures in meso-
scale vorticity. Eddy features in these 
flows are also common, and due to meso-
scale variability, the flow hitting the 
island can modulate in both direction 
and magnitude. This is particularly true 
when strong El  Niño conditions cause 
variations in winds (e.g., D.J. Webb, 2018) 
such as during 2015–2016.

Due to its ideal location in the paths 
of the NEC and NECC flows, the ocean 
physics at play near Palau have been 
the focus of numerous past studies 
(e.g., Schönau and Rudnick, 2015; Colin, 
2018) and are the subject of many of the 
articles presented in this special issue. In 
particular, Merrifield et al. (2019a, in this 
issue), Johnston et al. (2019, in this issue), 
and Simmons et al. (2019, in this issue) all 
discuss aspects of the vorticity wakes as 
flow sheds eddies off Palau’s many reefs, 
ridges, and islands. 

Here, we present a view of Palau’s wake 
as characterized by direct measurements 
of turbulence. Such direct measure-
ments of turbulence in island wakes have 

received only minimal attention, most 
notably for cases of island wakes in the 
Kuroshio Current (Hasegawa et al., 2004, 
2009; Chang et  al., 2013). At Palau, our 
measurements were among several efforts 
measuring microstructure by traditional 
ship-based profiling (MacKinnon et  al., 
2019; Johnston et al., 2019, in this issue). 
Our glider-based survey was unique in 
measuring microstructure from an auton-
omous under water vehicle. Moreover, the 
nature of our study, which constitutes an 
uninterrupted continuous record of tur-

bulence over an eight-day period, also a 
distinguishes it among all previous micro-
structure studies of island wakes. 

Our work specifically focuses on Palau 
during May 2016, when the NEC was 
shedding a wake to the western side of 
the islands (Figure 1). Palau consists of 
many islands and reefs, allowing for com-
plex patterns of circulation as the NEC 
passes. In particular, the large reef com-
plex to the north of the main island of 
Babeldaob includes Cormoran Reef and 
Velasco Reef. While these reefs are very 
shallow, the passage between them is very 
deep, allowing for a direct path of flow. 
To properly understand the flow past 
and through the islands, high-resolution 
models of the circulation are required. 

To examine the mesoscale forcing of 
the Palau region during the period of 
our study, we use the US Navy’s global 
model simulation, the Hybrid Coordinate 
Ocean Model (HYCOM), which is forced 
by observed winds and surface fluxes. 

IN PLAIN WORDS. In regions where islands, ridges, and coral reefs protrude to the 
sea surface, ocean currents collide with land and produce complex flow patterns. The 
downstream flow is characterized by a turbulent wake where the ocean’s properties, 
such as temperature and salinity, are strongly mixed. Our study examined the turbu-
lent wake that results at Palau, where the equatorial currents of the North Pacific shed 
a wake around the many islands and reefs that block the flow. We used an autonomous 
undersea glider that flies repeatedly between the ocean’s surface and depth to measure 
turbulent properties of the wake. Our study indicates that these turbulent properties 
are closely aligned with the vorticity level of the flow rather than with the direct trans-
fer of energy from the wind. 
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FIGURE 1. Map showing bathymetry around Palau and the track for the turbulence sampling por-
tion of the glider study. Bathymetry shallower than 50 m is shown in white (including areas above 
sea level). The glider’s GPS fix locations are plotted in black, and the trajectory as shown took eight 
days with CTD and microstructure sampling to depths between 150 m and 600 m. The bathymet-
ric data set shown was prepared by Simmons et al. (2019, in this issue), who merged multibeam sur-
veys with reef survey data prepared by the Coral Reef Research Foundation. 
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spent most of its time. Snapshots of the 
lateral strain rate are shown for May 10, 
15, and 20 (0000Z) as a means of visual-
izing the wake structure around Palau. In 
each panel, the glider position at the time 
of the snapshot is shown (red dot) relative 
to the preceding 24 hours (red tail). The 
rate of strain field suggests that the glider 
encountered strong wake features. 

Wind is a fundamental measure of 
forcing for both the circulation and the 
turbulence mixing levels of the upper 
ocean. Unfortunately, measurements of 
wind are currently not collected by glid-
ers. Moreover, our glider was not accom-
panied by a research vessel with support-
ing meteorological measurements. Thus, 
we must use a shore-based measure-
ment of wind forcing at the time of our 
glider survey as a reference (Figure 3). 
The Scripps Institution of Oceanography-
operated Expeditionary Weather Station 
(XMET) on Ongingiang Island, approx-
imately 25 km south of the southern end 
of our glider track, offers the closest avail-
able data. Merrifield et al. (2019b, in this 
issue) describe this station and the XMET 
sensor package. The most energetic winds 
occurred just prior to the glider deploy-
ment. For the duration of the eight-day 

Reefs, leaving a wake pattern on May 15 
that advects offshore to the northwest 
through May 20. As the following mate-
rial shows, our glider encounters these 
vorticity features along its transect on the 
west side of Palau. The wake is most read-
ily quantified using two parameters cal-
culated from the mesoscale velocity com-
ponents (U, V ) and their lateral (x, y) 
gradients. These are the relative vorticity 
ζ = Vx – Uy , and the lateral rate of strain 
of the flow, S = ((Ux – Vy)2 + (Vx + Uy )2)½. 
As described by Thomas et al. (2008), the 
strain term is used as a measure of the for-
mation of frontal zones, where the cas-
cade of energy from the mesoscale to the 
submesoscale is enhanced. As such, it is 
an excellent measure of wake structure. 
The extent to which regions of enhanced 
vorticity and strain are also regions of 
enhanced turbulence is a primary interest 
of our study.

Figure 2 shows estimates of the lat-
eral strain rate from HYCOM. Gradient 
values of the modeled flow compo-
nents were calculated using a centered- 
difference calculation on the HYCOM 
1/12° grid. We depth-integrate S over 
the upper 150 m to capture the average 
dynamics over the layer where the glider 

The 1/12° simulation is eddy resolv-
ing, with the K-profile parameteriza-
tion (KPP) implementation of upper 
ocean mixing processes (Large et  al., 
1994). We use the Navy Coupled Ocean 
Data Assimilation (NCODA) version of 
HYCOM, as described by Cummings and 
Smedstad (2013). This version assimilates 
a vast array of observed fields, such as 
sea surface altimetry and measurements 
of temperature and salinity, to refine the 
HYCOM model solution. Many other 
details of HYCOM and NCODA can be 
found at https://www.hycom.org/ and in 
the numerous publications cited there. 

During our measurement program, the 
HYCOM + NCODA flow field compared 
very well to the glider’s flight response, 
providing validation that the modeled 
flows represent the mesoscale physics 
near Palau. Snapshots from the model 
show the rich detail of the flow as the NEC 
interacts with the Palau system (Figure 2). 
During this period, the flow associated 
with the NEC was from the southeast, 
and a prominent wake extends from the 
southern tip of Palau. Over the course of 
the 10 days shown, there is a strong pulse 
of flow through the Kossol and Ngaruangi 
Passages between Cormoran and Velasco 

FIGURE 2. Snapshots from the Hybrid Coordinate Ocean Model (HYCOM) showing the flow field around Palau during May 10, May 15, and May 20 
(0000Z). Shading indicates the depth-integrated lateral strain rate of the flow in the upper 150 m layer, which is indicative of wakes. During this period, the 
flow associated with the North Equatorial Current (NEC) was from the southeast with a wake emanating from the southern tip of Palau. Over the course of 
the 10 days shown, there is a strong pulse of flow through the Kossol and Ngaruangi Passages between Cormoran and Velasco Reefs that leaves a wake 
pattern on May 15 that advects offshore to the northwest through May 20. In each panel, the black line traces the full Slocum glider path, the glider posi-
tion at the time of the snapshot is marked with a red dot, and the trajectory for the preceding 24 hours is shown by its red tail.
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glider leg, the winds modulated about a 
mean speed of about 4 m s–1 from the east. 
These are typical conditions for Palau, 
where the trade winds are the defining 
characteristic of the weather.

GLIDER SENSING
Here, we describe microstructure mea-
surements done using a Teledyne-Webb 
generation 2 (G2) Slocum ocean glider 
model. Slocum gliders have been in 
oceanographic use for about 20 years, 
and their engineering and science capa-
bilities are described in the literature 
(e.g.,  D.C. Webb et  al., 2001; Schofield 
et al., 2007). All gliders operate by adjust-
ing buoyancy in order to move down or 
up in the water column. Pitch is con-
trolled by moving weight (the battery) 
fore and aft, changing the moment of 
inertia relative to the moment of buoy-
ancy. As their names imply, gliders gen-
erate lift from their wings to translate 
vertical motion into lateral flight. On 
the Slocum platform, a rudder is used 
to achieve steering. Our glider was also 
equipped with a thruster, allowing us to 
activate propulsion as needed to acquire 
desired flight speed. This capability was 
used at the end of the mission to fly the 
glider close to Palau, but the thruster 
was not used during the data collection 
period of our study discussed here.

A CTD system located under the star-
board wing is the primary sensor of most 
Slocum gliders, and we used a pumped 
Sea-Bird Electronics module for tempera-
ture and conductivity. Figure 4 shows 
those data, as collected by our transect. 
Temperature is the main stratifying agent, 
and a thermocline at 150 m separates a 
strongly stratified warm layer above from 
weakly stratified cooler waters below. A 

FIGURE 4. Temperature and salinity sections as 
measured by the glider. Time is shown along 
the lower axis, and latitude along the upper axis. 
As the glider passed Cormoran Reef (approxi-
mately 8°N), it encountered a strong westward 
flow from Ngaruangi Passage that resulted in 
an offshore excursion. To restore the intended 
trajectory toward the north, we flew the glider 
shallow during days 135 to 137 (May 14–16).
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FIGURE 3. Wind speed (top) and direction (bottom) as measured at Palau Scripps Institution 
of Oceanography-operated Expeditionary Weather Station, located on Ongingiang Island, 
described by Merrifield et al. (2019b, in this issue). The two-day data gap occurs on days 132–134, 
corresponding to the beginning of the glider mission. Weather was fair for the entire period—
the strongest winds occurred just before the glider mission on day 131 (May 10).
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FIGURE 5. Turbulent 
kinetic energy dissi-
pation rate section 
along the glider tran-
sect. Dissipation data 
are shown as log 
base-10, with indi-
vidual profiles sepa-
rated by white space 
when possible. 

pation appears to indicate the presence 
of a deep internal wave field. Specifically, 
bands of enhanced dissipation appear 
to slope downward with time, indica-
tive of upward-radiating internal waves 
(e.g.,  Munk, 1981). Notably, this deep 
signal is considerably stronger to the 
south of Ngaruangi Passage than to the 
north. This leads to a disparity in the 
background levels of dissipation, from 
O(10–10) W kg–1 on the south side of 
the passage to O(10–11) W kg–1 north of 
the passage. The internal wave pattern is 
less apparent to the north of the passage, 
although this could be an illusion based 
on sparser sampling and the general posi-
tion of the glider relative to the likely 
source of the internal waves.

The likely source of the deep dissi-
pation signal is the seamount bathyme-
try to the west of Ngaruangi Passage. The 
glider came particularly close to these 
seamounts during its westward excursion 
when it encountered flow through the pas-
sage. Moreover, the glider lingered slightly 
to the south of the seamounts for the bet-
ter part of two days, accumulating many 
samples of dissipation rates in close prox-
imity to the generation signal. The dimin-
ished signal to the north of the passage 
is most likely due to the glider’s increas-

the use of the MR reduces mission dura-
tion by about 25% relative to a system 
with no MR. Despite the penalties of drag 
and power draw, the addition of micro-
structure sensors adds a novel turbulence 
measurement capability that is unrivaled 
by other available sampling platforms. 
Early engineering studies (Wolk et  al., 
2009) suggest that the dissipation rate 
noise levels are as low as 3 × 10−11 W kg−1, 
comparable to measurements achieved 
by the best untethered free-fall profil-
ers. St.  Laurent and Merrifield (2017) 
describe additional data from previous 
studies using our G2 system. 

The dissipation record west of Palau 
shows turbulence levels from O(10–11) to 
O(10–6) W kg–1 (Figure 5). Enhanced tur-
bulence characterizes the upper 200 m, 
corresponding to the layer above the sub-
surface salinity maximum where the 
stratification is weaker than in the pycno-
cline below. Winds during the period of 
the turbulence record were nearly steady 
at about 5 m s–1.

There are two distinct dissipation sig-
nals in the record. Enhanced dissipation 
in the upper 150 m modulates as a func-
tion of wind strength and upper ocean 
shear. Below 150 m, dissipation levels are 
markedly weaker. There, enhanced dissi-

subsurface maximum in salinity is asso-
ciated with the thermocline. The freshest 
water is at the surface, fresher to the north 
of the section, suggesting that flow from 
Ngaruangi Passage provides a fresher 
water mass to the western side of Palau. 

Our glider-based microstructure 
sampling capability is provided by a 
Rockland Scientific Microrider (see 
photo on the cover of this special issue 
of Oceanography). The Microrider (MR) 
is a modular package housing up to six 
microstructure probes. Internally, the 
MR chassis also houses a pressure sensor, 
inclinometers, and accelerometers that 
provide the motion analysis necessary for 
the processing of microstructure data. 

The MR is nearly neutrally buoyant. 
However, its placement on the dorsal 
side of the glider does change the axial 
moment of the system (also known as the 
H-moment), which is accounted for in 
the ballasting of the glider. The MR also 
adds about 30% more drag to the vehi-
cle (proportional to the increased spa-
tial area) and a corresponding decrease 
in the system’s maximum speed of about 
15%. Most significantly, the MR draws 
approximately 1 W while in operation, 
more than double the hotel load of a stan-
dard Slocum running a CTD. In practice, 
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ing distance from the signal. The rapid 
decay of enhanced shear away from the 
seamounts is consistent with high-mode 
internal wave energy that decays rapidly 
(e.g., St. Laurent and Garrett, 2002).

Dissipation rate estimates are used to 
calculate vertical mixing rates associated 
with buoyancy. This is typically defined as 
a diffusivity, kρ, generally calculated from 
a model described by Osborn (1980). 
To define a meaningful diffusivity, large 
ensemble averages of the dissipation rate 
population must be used. Our record con-
sists of approximately 130,000 indepen-
dent estimates of dissipation rate, com-

(m2/s)

a b

FIGURE 7. Mean profiles of (a) turbulent dissi-
pation rate, and (b) turbulent diffusivity. These 
estimates reflect the mean of 245 profiles of 
dissipation collected by the glider, comprised 
of over 130,000 estimates of epsilon. Mean 
ensembles were done for 50 m depth bins, and 
average (blue line) and 95% confidence inter-
vals (blue shaded band) are shown. The open 
ocean thermocline background for dissipation 
rate and diffusivity are about 1 × 10–10 W kg–1 
and 1 × 10–5 m2 s–1, respectively, as indicated by 
the left edge of the gray shading.

prising a large approximately log-normal 
distribution (Figure 6). To produce diffu-
sivity estimates, we average the 245 pro-
files of dissipation shown in Figure 5 
into 50 m depth bins, producing a sin-
gle ensemble mean dissipation rate pro-
file (Figure 7a). 

Mean dissipation rates from each 
50 m bin are used to produce an estimate 
of diffusivity using kρ = Γ<ε>/N 2—

 where Γ is 
the mixing efficiency parameter and N 2—

 
is the mean buoyancy gradient. The mix-
ing efficiency parameter is taken to have 
a value of 0.2 (Osborn, 1980). Though the 
exact value is subject to fluctuations due 
to variations in ocean processes, 0.2 has 
repeatedly been established as appropri-
ate for describing large ensemble averages 
of mixing processes (Ijichi and Hibiya, 
2018; Gregg et al., 2018).

Figure 7b shows the mean diffu-
sivity. The canonical value of diffusiv-
ity in the thermocline of the open sea, 
away from topography, is 1 × 10–5 m2 s–1 
(e.g.,  St. Laurent and Simmons, 2006). 
Our survey region just west of Palau 
shows diffusivities O(1) to O(1,000) 
larger than this. The upper 50 m layer 
experiences dissipation levels directly 
forced by the winds, including the effects 
of wind stress (see below). Large dissipa-
tion and diffusivity levels in the near-sur-
face layer are common, though the latter 
are often associated with small buoyancy 
gradient levels (as kρ is inversely propor-

tional to N 2), indicating that such mixing 
is not resulting in much buoyancy flux. 
Below the upper 50 m, we find enhanced 
mixing through the upper 200 m, which 
includes the strongly stratified layer 
near 150 m where the salinity maximum 
occurs. Below 200 m depth, diffusivity 
levels are still three to 10 times larger than 
typical open ocean mixing levels. 

DISCUSSION
As described above, our glider record 
west of Palau showed turbulence and 
mixing levels enhanced above those of 
the typical open ocean. In the upper 
ocean, this enhancement includes not 
only the near-surface layer but also the 
highly stratified layer characterizing the 
upper 200 m of the water column. This 
clearly indicates an energy source driving 
the cascade to turbulent energy. 

The most obvious sources of tur-
bulence in the upper ocean are those 
imposed by the atmosphere: convec-
tive forces from buoyancy loss and wind 
stress (e.g., Lombardo and Gregg, 1989). 
In the case of Palau, the most likely source 
of convective buoyancy loss is either con-
duction (heat loss) at the surface by the 
wind, or evaporative heat loss. During our 
period of observation (May10–20, 2016), 
the sea surface temperature was between 
29.5°C and 30°C, while the air tempera-
ture varied from 25°C to 33°C, with the 
cooler air temperatures occurring in the 
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FIGURE 6. Population distribution of dissipation 
rate estimates from the eight-day glider record. 
Dissipation ranges from about 1 × 10–11 W kg–1 
to 1 × 10–3 W kg–1, the former being the mini-
mum noise level of the sensor, and the latter 
being the limiting sensitivity of the shear probe. 
The lesser mode of dissipation rate centered at 
3 × 10–11 W kg–1 represents the quieter region 
north of Ngaruangi Passage. The general skew 
in the distribution, as characterized by the left 
side being steeper than the more Gaussian 
right side, is caused by the lack of dissipa-
tion rates lower than 1 × 10–11 W kg–1, which fall 
below the noise level of the sensor. Such values 
are aliased into the records slightly greater than 
the noise level, producing the shoulder on the 
left side of the distribution. 
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given by z << L (Lombardo and Gregg, 
1989). We will take this limit to be that of 
the average mixed layer depth of 30 m. 

As Figure 8 shows, integrated levels of 
the turbulent dissipation rate are used to 
calculate dissipated power. Measured dis-
sipated power (black signal, with error 
bars) does follow the general trend exhib-
ited by the wind-induced power (blue 
signal), but it is an order of magnitude 
larger. This implies that the energy for 
dissipation in the upper ocean must come 
from a source much more energetic than 
the winds. Such energy is readily avail-
able in the vorticity of the mesoscale flow. 

While there is no closure theory for 
how energy associated with the vortic-
ity field cascades via mechanical energy 
transfer to ocean dissipation, we can 
examine the trend of depth-integrated 
vorticity and lateral strain as estimated 
from the HYCOM model simulations 
shown in Figure 2. For purposes of com-
parison to the integrated dissipation 
rates, we depth-integrate the quantities 
ζ/f and S/f and normalize by the integra-
tion depth (D). Figure 8 plots the result-
ing nondimensional quantities relative to 
integrated dissipation levels. 

As anticipated, there is strong asso-
ciation between the records of inte-
grated dissipation, integrated vortic-
ity, and integrated strain. Statistically, 
the records have a (0.7 ± 0.2) correla-
tion coefficient. Both records are charac-
terized by two peaks in signal. The first 
occurs in days 133 to 135 of the record. 
This corresponds to the period when the 
glider encountered the wake created at 
the southern tip of the island (Figure 2, 
middle panel). This period exhibits the 
largest vorticity levels, and also the larg-
est dissipation levels. The second period 
of enhanced activity occurs during days 
137 to 139, corresponding to the period 
when flow through Ngaruangi Passage 
sheds a wake just south of Velasco Reef. 
Each of these periods of enhanced vor-
ticity and dissipation also have associ-
ated bursts of wind activity (as indicated 
by the log-layer estimates of wind-stress 
implied dissipation). The level to which 

FIGURE 8. Composite plot showing depth-integrated quantities for dissipation rates (black), wind-
stress inferred dissipation (blue), and normalized relative vorticity (red) and lateral strain (green). 
Measured dissipation rates were multiplied by density and vertically integrated to 150 m depth, and 
values are shown with their 95% confidence intervals. As a means of direct comparison, the dissipa-
tion rate associated with wind stress was also calculated and is shown in blue. Vertically integrated 
relative vorticity and strain rate, as estimated using the HYCOM model (see Figure 2 and text), is 
also presented, as normalized by the planetary vorticity (f ) and the integration depth (H = 150 m). 
The corresponding axis for these nondimensional values is on the right.

evening. During these evening periods, 
the maximum heat loss from the ocean 
is calculated to be about Q = 15 W m–2 
(equally from conduction and evapora-
tion, as calculated from the COARE 3.6 
code of Fairall et  al., 2003). To convert 
this to a buoyancy flux in the ocean sur-
face layer, we take J0 = gαQ /(ρcp), where 
cp is the specific heat of seawater and α 
is the thermal expansion coefficient. The 
associated buoyancy flux is 10–8 W kg–1, 
which can yield an equivalent level of dis-
sipation in a convective layer near the 
surface. This convective mechanism of 
dissipation would only occur in the eve-
nings when the air is cooler than the sea 
(Lombardo and Gregg, 1989). Unlike typ-
ical observations in the mid-latitudes, the 
dissipation levels documented here do 
not show evidence of diurnal convection. 

The potential role of convective mix-
ing must be assessed relative to the depth 
of the mixed layer (D) and the Monin-
Obukhov length scale (L). The former 
can be defined by the observed density 
measurements. As measured by a density 

increase with depth of 0.03 kg m–3 (Weller 
and Plueddemann, 1996), D = 30 m is the 
characteristic mixed layer for our data. The 
Monin-Obukhov length scale is the depth 
at which the wind-driven dissipation is 
equivalent to the surface buoyancy flux. 
The well-known relation derived from 
log-layer physics of the surface bound-
ary relates the wind stress to the turbulent 
dissipation rate: εw = u*

3/(κz) (Lombardo 
and Gregg, 1989). Here, the friction veloc-
ity (u*) is derived from the wind stress (τ) 
as u* = √τ/ρ,  where ρ is seawater density 
at the surface. The scaling coefficient κ is 
known as the Von Karman constant taken 
as κ = 0.4. The Monin-Obukhov scale fol-
lows as L = u*

3/(κJ0). For the maximum 
wind speeds occurring during our mea-
surements (W = 8 m s–1; Figure 3), we 
find u* = 0.1 m s–1 and L = 230 m. As the 
Monin-Obukhov scale is much larger than 
the mixed layer depth, dissipation asso-
ciated with the wind-driven shear of the 
log-layer is dominant over the role of con-
vection. The log-layer dissipation relation 
εw = u*

3/(κz) applies over the depth range 
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dissipation modulates with vorticity at 
finer levels of detail, such as those visi-
ble in higher-resolution numerical simu-
lations (e.g., Simmons et al., 2019, in this 
issue) is the subject of ongoing work. 

While our analysis shows a clear rela-
tion between the modulation of vortic-
ity and dissipation levels, it does not by 
itself provide much insight into the phys-
ical mechanisms of the cascade processes 
that transfer energy from the mesoscale 
to the turbulence scale. Presumably, these 
mechanisms must be of the general class 
of processes described as mixed-layer 
instabilities (Boccaletti et al., 2007; Callies 
et  al., 2016). Like all processes that lead 
to turbulence, these instabilities must 
transfer energy through the meso- and 
submesoscale fields to scales of shear that 
favor turbulence. A clear record of direct 
observation of this collection of processes 
does not yet exist but may be possible in 
the near future through the combined use 
of modeling and autonomous measure-
ment technologies. The vorticity field of 
the Palau wake would be an ideal location 
to observe such a cascade. 
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