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 Measurements of 
Near-Surface Turbulence and Mixing

from Autonomous Ocean Gliders
 By Louis St. Laurent and Sophia Merrifield

A Slocum glider with a Microrider sensing module deployed in 
Sodwana Bay by the authors, for use in a collaborative study with 
researchers (seen swimming) at the University of KwaZulu-Natal. 
Photo courtesy of Sean Whelan (WHOI) 
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Direct in situ measurements of ocean tur-
bulence have more than a 50-year history, 
starting with the seminal work of Grant 
et al. (1962). These measurements resolve 
the Kolmogorov scale: the scale at which 
the molecular viscosity of seawater bal-
ances the inertial forces of small vorti-
ces. The term “microstructure” is used 
to describe measurements of thermo-
dynamic properties (e.g.,  velocity and 
temperature) at scales ranging from the 
Kolmogorov to those two orders of mag-
nitude larger. For typical open-ocean con-
ditions, this range is roughly 1 cm to 1 m. 
Scales exceeding these by several orders 
of magnitude (say, 1 m to 1,000 m) are 
termed “finestructure,” and characterize 
the motions of internal waves, intrusions, 
and other buoyancy anomalies associated 
with a range of processes. 

To characterize oceanic microstructure 
properties requires precise measurements 

of environmental flow. In the case of most 
ocean observational methods, the act of 
the measurement itself disturbs the flow 
at the Kolmogorov scale. Vibrational 
energy inherent in most ship-based mea-
surement platforms overwhelms the sig-
nals of environmental turbulence, mak-
ing an assessment of turbulence levels 
impossible. Due to these difficulties, 
many studies have focused on features 
of finestructure (which are much eas-
ier to measure) to draw inferences about 
microstructure. These methodologies 
typically involve measurements of shear 
(e.g., Kunze et al., 1990) and Thorpe scales 
[Thorpe, 1977]), and have varying levels 
of success in predicting turbulence levels 
and mixing rates (e.g., Mater et al., 2015). 
In general, no generalized finestructure 
parameterization has been identified, or 
likely will be, as the complexities of tur-
bulence and ocean flow dynamics cannot 

be entirely described by any subset of eas-
ily measurable parameters. Thus, the art 
of ocean microstructure measurement 
has remained in demand.

The methodology for computing the 
dissipation rate from airfoils has a long 
history that is described in detail in the 
literature (Lueck et al., 2002, and Lueck, 
2003, provide comprehensive reviews). 
We focus our discussion here on estima-
tion of the turbulent kinetic energy dissi-
pation rate (ε), which quantifies the loss 
of kinetic energy in a fluid to molecular 
viscosity (v). The turbulent kinetic energy 
dissipation rate is defined as 

ε = v (∂ul—
∂xj

 + 
∂uj—
∂xl

)2
,

where the quantity in parentheses is the 
nine-component rate-of-strain tensor. In 
practice, our estimate is achieved through 
the measurement of sub- centimeter- 
scale vertical shear (∂u'/∂z)using air-
foil probes (Lueck, 2003). We then 
invoke isotropy relations (Hinze, 1975) 
to reduce the nine-component rate-of-
strain tensor to a single microscale shear 
component such that

ε = (15—
2

 ) v (∂u'—
∂z

 )2
.

A contemporary innovation involves 
the concurrent use of high-frequency 
motion sensing through multi-axis ana-
log accelerometers. Using co- spectral 
analysis, we remove the platform- induced 
vibrations from the probe records using 
the method of Goodman et  al. (2006). 
Typically, this correction applies to fre-
quencies between about 10  Hz and 
60 Hz. In the resulting “clean” shear spec-
tra, coherent vibrational energy between 
the profiler platform and the shear 
records has been removed. As described 
by Wolk et  al. (2009), this method 
allows us to measure dissipation rates as 

ABSTRACT. As autonomous sampling technologies have matured, ocean sensing 
concepts with long histories have migrated from their traditional ship-based roots 
to new platforms. Here, we discuss the case of ocean microstructure sensing, which 
provides the basis for direct measurement of small-scale turbulence processes that 
lead to mixing and buoyancy flux. Due to their hydrodynamic design, gliders are an 
optimal platform for microstructure sensing. A buoyancy-driven glider can profile 
through the ocean with minimal vibrational noise, a common limitation of turbulence 
measurements from other platforms. Moreover, gliders collect uncontaminated data 
during both descents and ascents, permitting collection of near-surface measurements 
unattainable from ship-based sensing. Persistence and the capability to sample in 
sea states not feasible for deck-based operations make glider-based microstructure 
sampling a profoundly valuable innovation. Data from two recent studies illustrate the 
novel aspects of glider-based turbulence sensing. Surface stable layers, characteristic of 
conditions with incoming solar radiation and weak winds, exemplify a phenomenon 
not easily sampled with ship-based methods. In the North Atlantic, dissipation rate 
measurements in these layers revealed unexpected turbulent mixing during times of 
peak warming, when enhanced stratification in a thin layer led to an internal wave mode 
that received energy from the deeper internal wave field of the thermocline. Hundreds 
of profiles were obtained in the Bay of Bengal through a barrier layer that separates a 
strongly turbulent surface layer from a surprisingly quiescent interior just 20 m below. 
These studies demonstrate the utility of buoyancy-driven gliders for collecting oceanic 
turbulence measurements. 

INTRODUCTION 
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low as about 5 × 10−11 W kg−1. 
To estimate the dissipation rate from 

the cleaned spectra, we follow the spec-
tral analysis procedure described by 
Gregg (1999). In practice, the micro-
structure records, collected at 512 Hz, 
were examined in 2,048-element win-
dows over which a 1,024-element fast 
Fourier transform (FFT) was employed. 
Adjacent 1,024-element bins are treated 
using a Hanning window employed with 
50% overlap. For the typical fall-speed of 
0.75 m s–1, this analysis results in spec-
tral variance estimates at the 1.5 m depth 
intervals of each microstructure shear 
record. The limits of integration are taken 
from the lowest wavenumber to an upper 
wavenumber cutoff calculated as either 
100 cycles per meter (cpm) or a lesser 
wavenumber representing the transition 
between the dissipative subrange and the 
portion of the high-wavenumber spec-
trum dominated by electronic noise. In 
practice, the noise-limited wavenumber 
nearly always applies. This cutoff wave-
number is found through identifying the 
corresponding root of the fifth order poly-
nomial fit to the spectral curve. No correc-
tions are applied to the shear spectra, as 
the inertial subrange and dissipative roll-
off are always well resolved in these data. 
Dual shear probes are always used, and 
the dissipation rate reported is typically 
the mean of the independently estimated 
dissipation rates from each probe signal. 

As a measure of fidelity, spectra are 
compared to the canonical spectral form 
derived by Nasmyth (1970) for the cal-
culated value of the dissipation rate. 
Measured spectra generally show good 
agreement with Nasmyth. Cases where 
the measured spectra deviate substan-
tially are not included in the dissipation 
estimates. Finally, we combine the CTD 
data with the dissipation estimates, com-
puting the Ozmidov wavenumber as 
(N 3/ε)½ (Thorpe, 2007), where N is the 
buoyancy frequency (N = √(∂b/∂z)), and 
b is the buoyancy as calculated from the 
density of seawater). As the Ozmidov 
wavenumber corresponds to the lowest 
wavenumber for the dissipation integral, 

we re-examine the dissipation estimate by 
integrating each Nasmyth spectrum from 
its associated Ozmidov wavenumber to 
infinity. This process allows us to exam-
ine the uncertainty caused by missing 
variance in the data spectral estimates, 
both at the lower and upper ends of the 
spectrum. Cases where the resulting esti-
mate of integrated variance differs by 
more than 10% from the data estimate are 
flagged. These cases represent less than 
0.1% of all estimates, and are not included 
in further estimates.

Traditionally, microstructure mea-
surements have been made from ship- 
operated platforms of two types: towed 
systems that are generally run along con-
stant depth transects, and vertical drop-
sondes that profile in depth. Towed sys-
tems are pulled at high tension, which 
leads to transmission of ship-based 
motions to the profiling platform. To pre-
vent this noise from degrading the micro-
structure measurements, towed profil-
ing systems are typically very large, so 
their large inertial mass damps ship- and 
platform- originating vibrational energy. 
Paka et al. (1999), Lueck et al. (2002), and 
Dillon et al. (2003) describe examples of 
such towed platforms.

Dropsonde-type instruments are often 
referred to as vertical profilers. The most 
common forms are loosely tethered to a 
ship-based winch. Free fall is achieved by 
spooling slack tether at about twice the fall 
rate of the profiler as it descends. A vari-
ant of this concept, in which buoyancy is 
added to the profiler and slack tether is 
predeployed to depth, allows for upward, 
free-ascent sampling of microstructure. 
While a slack tether greatly reduces the 
transmission of sea-surface-induced 
vibrational energy to the profiling sys-
tem, the added drag of a tether adds its 
own issues to the flight dynamics of the 
system. Furthermore, the issues associ-
ated with tether management are consid-
erable, especially if sampling to depths 
greater than several hundred meters. 

Due to the issues described above, the 
ocean microstructure community was an 
early adopter of autonomous platforms 

as observing tools, most notably in the 
form of large dropsonde-type profilers 
with simple weight release mechanisms 
that permit measurements to a predeter-
mined depth. Such systems include the 
University of Washington Applied Physics 
Laboratory-designed Multi-Scale Profiler 
(Winkel et al., 1996) and the various ver-
sions of the Woods Hole Oceanographic 
Institution-designed High Resolution 
Profilers (Schmitt et al., 1988; St. Laurent 
et  al., 2012). These systems are adept at 
achieving both very low noise levels (dis-
sipation rates less than 10–10 W kg–1) 
and measurements to abyssal depths 
(to 6,000 m), but they require the costly 
time-consuming deck operations associ-
ated with the deployment and recovery of 
large autonomous instrumentation.

In all cases involving traditional sam-
pling techniques, sea state and weather 
conditions are a major factor in collect-
ing good-quality data. The deck oper-
ations of towed and tethered systems 
require manageable ship handling that 
varies by vessel but seldom permits sam-
pling in conditions where winds exceed 
40 knots. Autonomous profiler systems 
similarly require manageable sea states 
for deployment and recovery. Thus, 
there is a fair-weather bias to the existing 
microstructure database. 

With the advancement of ocean auton-
omous systems over the last decade, a new 
platform has come to prominence with 
nearly ideal characteristics for micro-
structure sampling: undersea gliders. 
Driven by buoyancy-controlled flight, 
these systems are hydrodynamically very 
quiet. Moving parts are typically limited 
to an internal buoyancy pump and a pitch 
motor for altering the position of the bat-
tery, both of which can be restricted to 
operate at only the beginning and end of 
an ascent or descent. The only externally 
moving part of a Slocum glider is a small 
fin on the tail. With their long-persistence 
mission capability, gliders can ride out 
periods of rough seas, collecting data 
during times when ship-based operations 
would not be possible. There are numer-
ous undersea gliders in commercial and 
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non-commercial production whose exact 
details vary, but their common charac-
teristics make all versions worthy micro-
structure sampling platforms. As with all 
microstructure platforms, those systems 
with larger inertial mass are preferable, 
as this is the most effective way to damp 
platform-induced vibrational energy. 

Here, we describe examples of novel 
microstructure measurements col-
lected using the Slocum model of ocean 
glider, originally designed by Doug 
Webb of the Woods Hole Oceanographic 
Institution and currently manufac-
tured by Teledyne Webb Research in 
Falmouth, Massachusetts. Slocum gliders 
have been in oceanographic use for over 
15 years, and their engineering and sci-
ence capabilities are described in the lit-
erature (e.g., Webb et al. 2001; Schofield 
et al., 2007). All gliders operate by adjust-
ing their buoyancy to move down or up 
in the water column. Pitch is controlled 
by moving weight (the battery) fore and 
aft, changing the moment of inertia rela-
tive to the moment of buoyancy. As their 
names imply, gliders generate lift from 
their wings to translate vertical motion 
into lateral flight. On the Slocum plat-
form, a rudder is used to achieve steering. 

Our glider-based microstructure sam-
pling capability is provided by a Slocum 
equipped with a Rockland Scientific 
Microrider (MR; Figure  1). The MR is a 
modular package that houses up to six 
microstructure probes. Internally, the 
MR chassis also houses a pressure sen-
sor, inclinometers, and accelerometers. 
These sensors are used for motion analy-
sis necessary for the processing of micro-
structure data. The MR is nearly neutrally 
buoyant; however, its placement on the 
dorsal part of the glider changes 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 vehicle (pro-
portional to the increased spatial area), 
and there is 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, 
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. 

MICROSTRUCTURE SENSING 
FROM GLIDERS
As far as we are aware, the first deploy-
ment of a glider with microstructure 
sensing was in 2009 at the Ashumet Pond 
test site in Falmouth, Massachusetts. 
Wolk et  al. (2009) describe data from 
that test, including demonstration of 
dissipation rate noise levels as low as 
5 × 10−11 W kg−1, which is comparable 
to measurements achieved by the best 
untethered free-fall profilers. Subsequent 
early deployments of the system included 
numerous tests in US coastal waters. 

The most sensitive issue involved in 
adapting the long-practiced techniques 
developed on towed systems and drop-
sondes to gliders is the computation of 
platform speed (V). As Lueck (2003) dis-
cusses in detail, ε ~ V 4. Thus, even a small 
error in speed translates to a large error 

in dissipation rate. To explore the issues 
associated with estimating glider speed, a 
flight model must be invoked. The flight 
dynamics of ocean gliders have been the 
subject of many studies. One such study 
specific to the Slocum platform is that of 
Merckelbach et  al. (2010). Gliders typi-
cally fly at a pitch angle of 25 to 30 degrees. 
Pitch, along with the rate of change of 
pressure (depth) are routinely measured 
by both the glider and separately at higher 
frequency by the MR package. The glider’s 
speed is estimated using basic trigonome-
try as V = W/sin(γ), where V is the speed 
of the glider in the direction of glide, W is 
the vertical speed of the glider (as mea-
sured by the rate of change with pressure), 
and γ is the angle of glide. Complicating 
matters is the offset between the measured 
pitch angle (φ) and the angle of glide (γ). 
These angles must have a small difference, 
as the difference between φ and γ gives 
rise to hydrodynamic lift that allows the 
glider to “glide.” This difference is the 
angle of attack (α). 

Fer et  al. (2014) studied the flight 
dynamics of the Slocum glider with the 
MR package. They find 2° < α < 4°as the 
consistent range of angles of attack for 
both diving and climbing during peri-
ods of stable flight (free ascent/descent 

FIGURE 1. Photograph of the Teledyne Webb Research Slocum glider equipped with a Rockland 
Scientific Microrider (MR) package. The specialized probes for measuring microstructure are visible 
protruding past the nose of the instrument. Photo courtesy of Ben Allsup
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periods during which the glider is not 
turning around at the top or bottom of 
a profile). The speed important to the 
microstructure measurement is the speed 
along the angle of glide (γ = φ + α). The 
glider speed is estimated W/sin(φ + α) as 
where W and φ are measured values and 
α = 3° is assumed for angle of attack. 

Figure  2 provides examples of micro-
structure shear spectra from the Slocum 
MR gliders we operate. These exam-
ples were collected as part of the Salinity 
Processes in the Upper-ocean Regional 
Study (SPURS, described in the fol-
lowing section). Spectra for dual shear 
probes are shown for two examples of 

1 m (approximately 4 seconds each) 
records, both collected at roughly 50 m 
depth. In each case, a red and blue pair 
of spectra correspond to a shear vari-
ance measured from a pair of orthog-
onally mounted shear probes. These 
cases correspond to dissipation levels 
of approximately 1.5 × 10–7 W kg–1 and 
8 × 10–11 W kg–1, as measured by integra-
tions of spectral variance for the mean of 
the signals from the two probes. The fac-
tor-of-two differences between the vari-
ance levels of the two probes is typical, 
and likely relates to issues associated with 
small amounts of vibrational energy man-
ifesting in one probe more than the other, 

or alternatively/additionally, small vari-
ations from the calibrated sensitivities of 
the probes due to biological films accu-
mulating on the probe tips. In these cases 
where the signals are close, we simply take 
the mean. For lower levels of shear vari-
ance, as is the case for the 8 × 10–11 W kg–1 
example, vibrational energy coherent with 
the vehicle motion contaminates the spec-
tra (thin red and blue lines), but is effec-
tively removed by the Goodman et  al. 
(2006) algorithm. Integration limits for 
each set of clean spectra, as derived from 
the roots of a fifth-order polynomial fit, 
are shown for each case.

NEAR-SURFACE MEASUREMENTS 
OF TURBULENCE AND MIXING
Gliders are ideal platforms for sam-
pling the surface layer of the ocean. 
Sampling away from the hull effects of 
ships or buoys, they provide measure-
ments of undisturbed conditions. Also, 
in free ascent, a glider can sample micro-
structure up to the air-sea interface by 
breaching the surface. We deployed sev-
eral MR gliders during SPURS in the 
North Atlantic, and also during the Bay 
of Bengal study known as ASIRI (Air–Sea 
Interaction Research Initiative). Figure 3 
shows the locations of these glider mea-
surements relative to the ocean basins in 
which they were operating.

FIGURE  2. Examples of shear 
spectra from the MR glider 
operated during the 2012 
Salinity Processes in the Upper 
Ocean Regional Study (SPURS) 
field program. Each set of 
spectra shows the shear vari-
ance as measured in a turbu-
lent patch approximately 1 m 
in vertical scale at 50 m depth. 
Red and blue denote the inde-
pendent signals of two probes 
whose deflection axes are at 
90° offsets. The Nasmyth ref-
erence spectrum is shown for 
each case. 
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Stable Layers in the North Atlantic
During 2012 and 2013, we examined the 
turbulent properties of the near-surface 
layer as part of SPURS. This program was 
established to examine the cascade of pro-
cesses that link the regional-scale salinity 
variance to the basin scale above, and the 
mesoscale below. The March 2015 issue 
of Oceanography (volume 28, issue  1) 
described the large observing effort 
during SPURS (Lindstrom et al., 2015). A 
central buoy with surface and subsurface 
instrumentation served as a focal point 
for intensive observations (Farrar et  al., 
2015), with numerous gliders sampling 
in close proximity (Figure 3a). Bogdanoff 
(2017) describes many additional details 
regarding the SPURS program and the 
MR glider components during the 2012 
and 2013 observation periods. 

Here, we describe a specific 12-day 
record of temperature, salinity, and tur-
bulence dissipation rate collected using 
a Slocum flying an approximate 3 km 
watch circle around the SPURS buoy. 
These measurements were made between 
September 22 and October 4, 2012, corre-
sponding to the initial phase of the over-
all SPURS program. Figure  4 shows the 
sea surface temperature (SST) and sea 
surface salinity (SSS) records as measured 
by the buoy, with nearby glider records of 
temperature and salinity. 

Winds as measured at the buoy and 
the record of shortwave radiation are 
shown with the turbulent dissipation 
rate measurements and buoyancy gra-
dient estimates in Figure  5. Winds 
decreased over the first week to less than 
0.5 m s–1 (1 knot) on day 6 of the record 
(Figure  5a). For the first several days, 
the near- surface measurements of tur-
bulent dissipation rate show a pattern of 
evening convection followed by daytime 
periods of restratification. This cycle has 
been previously described in earlier stud-
ies, notably by Moum et  al. (1989) and 
Brainerd and Gregg (1993a,b). 

During the fourth day of the glider 
mission, rainfall led to freshening of the 
surface waters, decreasing surface salinity 
(Figure 4). The wind dies down following 

FIGURE 4. (a) Sea surface temperature (SST) and sea surface salinity (SSS) measured at the 
buoy for the time series corresponding to the nearby occupation of the MR glider during 
SPURS in 2012. (b) Temperature and (c) salinity for the upper 50 m measured by the MR glider, 
which flew within 3 km of the buoy during these 12 days. 

FIGURE 5. (a) Shortwave radiation and wind speed, as measured by the SPURS air-sea inter-
action buoy. (b) Turbulent kinetic energy dissipation rates, and (c) buoyancy gradient as mea-
sured by the MR glider.
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this precipitation event, and the combi-
nation of the surface freshening and the 
reduction in winds triggers an interesting 
transition in the dissipation and stratifi-
cation characteristics of the near-surface 
layer. Following day 4, the near-surface 
layer remains stratified even during the 
late evening hours. Moreover, a pattern 
of daily stable boundary layer formation 
is established, trapping turbulence levels 

near the surface. The most notable daily 
SST modulations of 0.5°C, 1°C, and 2°C 
occur on days 5, 6, and 7 respectively, 
when the winds die to nearly zero. 

Days 5, 6, and 7 are particularly inter-
esting, as despite low winds, dissipa-
tion levels are maintained in a thin 
near- surface layer (Figure  6). The high-
est dissipation rates are observed during 
times of maximum insolation when 

the near surface is significantly strati-
fied. This surprising result is discussed 
in the next section, following Bogdanoff 
(2017), who found that the energy from 
the thermocline internal wave field reso-
nates with the surface stable layer to drive 
shear and turbulence. 

Barrier Layers in the Bay of Bengal
Another interesting MR measurement 
in the ocean surface layer was collected 
in December 2013 in the central Bay of 
Bengal (BoB) along a meridional tran-
sect from 10°N to 11°N (Figure  3b) as 
part of the ASIRI study. The glider oper-
ated for seven days, collecting micro-
structure data in the upper 120 m of 
the water column. The goal of the sur-
vey was to observe water mass struc-
ture and quantify turbulence and mixing 
rates in the near-surface layer. The glider 
observations were collected as part of a 
larger program involving research expe-
ditions by the Indian ORV Sagar Nidhi, 
the Sri Lankan R/V Samuddrika, and the 
US R/V Roger Revelle. Additional aspects 
of ASIRI are described by Mahadevan 
et al. (2016), and in the numerous papers 
of the June 2016 issue (volume 29, 
issue 2) of Oceanography. As far as we 
know, these were among the first direct 
measurements of turbulence in the BoB. 
The glider transect was obtained simul-
taneously with ship-based profiling mea-
surements of microstructure reported by 
Jinadasa et al. (2016). Detailed measure-
ments of air-sea fluxes and features of the 
near-surface turbulence were measured 
at a buoy at 18°N (Weller et al., 2016), and 
temperature measurements made from a 
nearby profiling float were used to derive 
mixing levels (Shroyer et al., 2016).

Large amounts of freshwater (riverine 
inflow and precipitation) influence strat-
ification in the BoB (Figure 7), resulting 
in a highly stable stratified layer below 
the surface turbulent layer. This “barrier 
layer” (Agarwal et al., 2012; Shroyer et al., 
2016) traps wind and wave energy to the 
near surface. While we do not have direct 
observations of wind and waves along 
the glider transect, meteorological data 

FIGURE 7. (a) Temperature and (b) salinity from the MR glider deployed in the Bay of Bengal during 
the ASIRI study. Dates (UTC) are shown along the upper axis.
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FIGURE 6. (a) SST and SSS, and (b) shortwave radiation and wind speed from the SPURS buoy for 
the three-day period when stable layers formed at the surface. (c) Dissipation rates and temperature 
as measured by the MR glider. Dissipation estimates are done for 1 m bins, as described in the text.
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subsampled from the European Centre 
for Medium-Range Weather Forecasts 
(ECMWF) indicate that wind speeds were 
between 5 m s–1 and 10 m s–1 (Figure 8a).

Figure  8b,c also shows turbulent 
dissipation rates and buoyancy fre-
quency. Dissipation rates change dra-
matically across the layer, ranging from 
1 × 10–5 W kg–1 above the barrier layer 
to 1 × 10–10 W kg–1 below it (Figure 8b). 
The N 2 section (Figure 8c) suggests that 
at the time of measurements, the bar-
rier layer resides at about 40 m depth 
with values reaching 1 × 10–3 s–2, sepa-
rating a weakly stratified near-surface 
layer from the pycnocline below. The dis-
sipation rate above the barrier is typical 
of open-ocean active boundary layers 
where meteorological forcing energizes 
strong turbulence. The physics of such 
turbulence is generally well described by 
the log-layer model of a sheared bound-
ary layer (e.g.,  Brainerd and Gregg 
1993a, 1993b). The weak dissipation- 
rate values below the barrier are typical 
of the low-latitude thermocline, where 
the background internal wave field 
(e.g., Munk, 1981) supports intermittent 
shear-driven turbulence. 

While Shroyer et al. (2016) document 
turbulence levels modulated by diur-
nal convection at the buoy site at 18°N, 
we do not see clear evidence of diurnal 
processes in the glider data. It is possible 
that in the central BoB at 10°N–11°N, the 
diurnal cycle was much weaker than that 
in the northern BoB at 18°N. 

Given the relatively stable conditions 
in winds and hydrography along our 
section, it is possible to use all 390 pro-
files of dissipation rates and stratifica-
tion to derive a meaningful mean profile 
(Figure 9a). A decrease in turbulence lev-
els is clearly apparent between 40 m and 
60 m depth. This mean dissipation pro-
file can be used to calculate a profile of 
diffusivity via the model proposed by 
Osborn (1980), kρ = Γ ε / N 2 , where Γ 
is a parameter related to the mixing effi-
ciency, and is assumed to have the value 
of 0.2. Figure  9b shows the vertical dif-
fusivity estimate derived from the mean 

profile of dissipation rate and the mean 
profile of buoyancy gradient. The role 
of stratification makes for an extremely 
abrupt change in mixing levels across the 
barrier. Our result here is consistent with 
that of Jinadasa et  al. (2016), who also 
document an abrupt decrease in the dis-
sipation rate beneath the barrier layer at 
other sites in the BoB.

DISCUSSION
This study focused on two cases where 
surface buoyancy forcing profoundly 
influenced stratification and turbulence 
in the upper ocean. In the subtropi-
cal Atlantic (the SPURS region), atmo-
spheric heating acts to stratify the upper 
few meters of the ocean during periods 
of weak winds. The effect is more pro-
nounced when the sea surface is fresh-
ened by heavy rainfalls preceding heat-
ing periods. In the Bay of Bengal, salinity 
also plays the key role in the formation of 
a barrier layer, which separated the sur-
face mixing layer from the weakly turbu-
lent pycnocline.

Measurements in the Atlantic show 
that the enhanced near-surface stratifi-
cation appears to increase near-surface 

turbulence during very quiet atmo-
spheric conditions. This turbulence could 
be induced by instability of an internal 
wave mode of the stable layer that res-
onates with the internal wave energy 
of the thermocline. D’Asaro (1978) first 
predicted this mode of resonance, the-
oretically linking the velocities of the 
deep internal wave field with that of a 
surface mixed layer. Resonance occurs 
under certain conditions when the wave-
length content of the deep internal waves 
matches a scaled relationship with the 
thickness of the surface layer, with the 
scaling dependent on the stratification 
parameters. Bogdanoff (2017) extended 
the D’Asaro framework to apply to the 
stable layer scenario, in which the thin 
stable layer assumes the role of the mixed 
layer in D’Asaro’s model. Bogdanoff 
(2017) carefully considered the condi-
tions applicable to the stable layer sce-
narios observed during SPURS, and 
found that the resonance condition likely 
occurs. This assertion is supported by the 
observations of Hodges and Fratantoni 
(2014), who directly observed an inter-
nal wave mode of the stable layer at the 
SPURS site during the period of our 

FIGURE 8. (a) ECMWF winds reconstructed for the spatial section occupied by the MR glider. 
(b) Dissipation rate and (c) buoyancy gradient as measured by the glider between 10°N and 11°N. 
Dates (UTC) are shown along the upper axis.

ba

0.95 c.i.

D
ep

th
 (m

)

0

20

40

60

80

100

120–10 –9 –8 –7 –6 –6 –5 –4 –3 –2
log10 ε (W kg–1) log10 kρ (m–2 s–1)

Latitude
10.0 10.1 10.2 10.3 10.4 10.5 10.6 10.7 10.8 10.9 11.0

D
ep

th
 (m

)

Dec 1 Dec 2 Dec 3 Dec 4 Dec 5 Dec 6

0

20

40

60

80

100

120

D
ep

th
 (m

)

0
0

5
10

20

40

60

80

100

120

–6

–8

–10

–4

–6

–8

W
in

d
Sp

ee
d

(m
 s

–1
)

a

b

c

lo
g 10

 ε
 (W

 k
g–1

)
lo

g 10
 N

2  (m
–2

 s
–1

)



Oceanography |  Vol.30, No.2124

glider observations. Bogdanoff (2017) 
concludes that instability of the sta-
ble layer internal-wave mode is the only 
mechanism capable of supporting the 
turbulent dissipation rate levels mea-
sured by the glider.

In the BoB, the warm, low-saline sur-
face water overlying the cooler, saltier 
water below gives rise to a strongly strat-
ified “barrier layer.” During November 
and December of 2013, various ship-
based surveys (Jinadasa et al., 2016), pro-
filing float observations (Shroyer et  al., 
2016), and our glider transect observed 
a 10 m to 20 m thick barrier layer cen-
tered between 30 m and 40 m depth to be 
a widespread characteristic of the western 
BoB, spanning the meridional extent of 
the basin. These studies derived estimates 
of turbulent dissipation levels using var-
ious methodologies, and found that the 
presence of a barrier layer provided a 
striking contrast between the energetic 
turbulence levels of the near surface and 
quiescent waters below. Though the bar-
rier layer was expected to provide such 
a contrast (as its name implies), the level 
of quiescence below, particularly as mea-
sured by diffusivity (Figure 8b), is surpris-
ing. Typical mid-latitude regions of the 
ocean are characterized by thermocline 
mixing levels of 1 × 10–5 m2 s–1, whereas 
our data indicate mixing rates an order 
of magnitude less. These values suggest 
that the internal wave climate of the BoB 
might be less energetic than comparable 

regions of other ocean basins. A poten-
tial explanation for the low values may be 
that the barrier layer inhibits the trans-
fer of wind energy (mostly in the inertial 
band) into the deep internal wave field. 
Additionally, the energy of the deep inter-
nal wave field may be modulated by the 
monsoon cycle. Such questions will be 
fruitful pursuits in the upcoming inter-
national field effort known as MISO-BoB 
(Monsoon Intra-Seasonal Oscillations 
in the Bay of Bengal) planned for 2018 
and 2019. Glider-based measurements 
of microstructure are planned for both 
phases of the monsoon cycle, and during 
the intermonsoon period.

The era of glider-based microstructure 
sampling, and autonomous platform- 
based microstructure sampling is at its 
beginning. Several dozen Slocum-model 
gliders outfitted with microstructure 
sensing are currently in use through-
out the oceanographic community. The 
Seaglider, developed by the University 
of Washington and now manufactured 
by Kongsberg Marine, also has a newly 
developed microstructure sensing pay-
load. The long-persistence mission capa-
bilities of Seaglider will provide new sci-
entific possibilities for microstructure 
sampling and also new challenges, as 
probe longevity may become a limiting 
factor. The new version of the Seaglider, 
known as Deepglider, is a 6,000 m depth 
capable glider system also capable of 
microstructure sampling. Deepglider, 

along with the Sea Explorer glider model 
of the French company Alseamar, are the 
first glider designs built to handle micro-
structure sensing as a payload option 
integrated into the vehicle nose. 

Many other innovations are in the 
works for glider microstructure sensing. 
New microstructure-band velocity sen-
sors (such as those from Alec Electronics 
and Nortek) are being used to directly 
measure flow past the nose of the glider 
during flight. These measurements solve 
the angle-of-attack problem described 
previously, as the glider speed is mea-
sured directly. Furthermore, the use of 
high-frequency acoustic Doppler veloci-
meters (such as the Nortek ADV sensor) 
have enabled some users to estimate the 
turbulent dissipation rate through mea-
suring the inertial subrange of the veloc-
ity spectrum (Emily Shroyer, Oregon 
State University, pers. comm., 2017). 
Newer model glider systems also feature 
thrusters (on Slocum G2 and G3 models) 
and larger volume buoyancy ballast sys-
tems (1,000 cc for the Slocum G3). Both 
of these innovations permit increased 
speed during flight, allowing a glider to 
fly through stronger currents, or sample a 
spatial region faster, potentially avoiding 
aliasing of temporal signals.

Research groups at the University of 
Washington Applied Physics Laboratory 
and the Woods Hole Oceanographic 
Institution have developed onboard 
microstructure processing capabilities 
for Seaglider (Rainville et al., 2017, in this 
issue) and Slocum, respectively. These 
units permit the transmission of turbulent 
dissipation rate estimates via Iridium sat-
ellite communications. The operator gains 
the value of having these data returned 
prior to the glider being recovered (espe-
cially valuable if the glider is lost). The 
operator also gains the value of using 
these data to modify a mission plan. For 
example, the mission might be modified 
to concentrate measurements in a depth 
range where turbulence is enhanced, or 
the timing of surface intervals might be 
modified to better resolve a temporal 
cycle of turbulence. These innovations 

FIGURE 9. (a) Mean profile computed from the 390 measured profiles of dissipation rate. The 
shaded scaling about the binned means indicated the 95% confidence intervals. (b) A profile of dif-
fusivity derived from mean dissipation profile, the mean buoyancy gradient, and an assumed mix-
ing efficiency of 20%. 
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will revolutionize the study of ocean mix-
ing, making what has been a traditionally 
very sparse form of ocean data something 
that is routinely sampled.  
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