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ABSTRACT
MicroSoar, an undulating profiler capable of measuring turbulence parameters such as Thorpe scales and
thermal dissipation rate while being towed at speeds of up to 4 m s 21 , offers the possibility of obtaining a closeto-synoptic image of mixing over large spatial areas. In this paper, the method of calculating Thorpe scales from
the high-frequency MicroSoar data is developed, and results from data taken off the coast of Oregon during the
summer of 2001 are presented. Large Thorpe scales and elevated measurements of the thermal dissipation rate
are shown to be associated with shear at the edge of the coastal jet. It is further shown that using MicroSoar
data rather than Sea-Bird conductivity–temperature–depth data extends the range of measurable overturns to
smaller scales, particularly in regions of low stratification.

1. Introduction
Away from solid boundaries and the interfaces of
water masses, molecular frictional forces are weak compared to Coriolis and pressure forces. That much of the
ocean’s currents are in geostrophic balance provides
confirmation that ‘‘the direct effect [of friction] on largescale motion has been shown . . . to be utterly negligible’’ (Pedlosky 1979). Nevertheless, the fact that both
oceanic currents and external forcing (such as solar radiation and wind stress) are steady in time, when averaged appropriately, indicates that friction is vital in
removing energy from large-scale flows. Although global currents are too large in scale for molecular friction
to work against directly, the length scales in any geophysical flow cover the spectrum from that of the main
flow to the scales small enough that molecular diffusion
is important. In an average sense, energy is continuously
removed from shear in large-scale flows, cascaded
through turbulent eddies of ever decreasing size, and
eventually dissipated into heat energy at molecular
scales.
Recognizing both that frictional effects need to be
considered in the dynamics of oceanic flows and that
the range of length scales involved is too large to allow
for resolution of the small-scale turbulent eddies themselves, there is clearly a need to parameterize these viscous effects. That is, the dissipation of energy (at small
scales) taken from the large-scale flow must be related
to properties of the main flow only.
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Before this can be done, however, a better understanding of turbulence itself is required. A major impediment to this goal is the relative lack of turbulence
measurements, particularly in the coastal ocean, where
Gargett (1994) argues that ‘‘dissipative structures can
be undersampled’’ because ‘‘turbulent flows . . . are energetic and vary rapidly in both time and space.’’ Therefore, large volumes must be sampled in order to obtain
meaningful averages of turbulent mixing. Currently
popular loosely tethered free-falling microstructure profilers (Moum et al. 1995; Caldwell et al. 1985; Newberger et al. 1984) are a vast enhancement over the
previous generation of instruments that recorded internally, used ballast weights, and had to be recovered after
each profile (see discussion in Gregg 1998).
The recently developed MicroSoar (May 1997; Dillon
et al. 2003), a microstructure sampling system attached
to the towed undulating SeaSoar (Pollard 1986) platform, can sample over a length a magnitude of order
larger than tethered profilers. While direct measurements of turbulence using shear probes are not possible
with MicroSoar, owing to typical tow speeds of 3.5 m
s 21 , estimates of the turbulent dissipation rate e can be
made by first calculating Thorpe scales. MicroSoar does
measure the temperature variance dissipation rate x directly, however (Dillon et al. 2003).
Thorpe scales (Thorpe 1977; Dillon 1982) L T are a
measure of the length scale of turbulent events, which
can be calculated from the density data. Dissipation rates
can then be calculated by determining the work that
each of these overturns did against the background stratification (Galbraith and Kelley 1996). Recently, Ullman
et al. (2003) used density measurements from a SeaBird 9111 conductivity–temperature–depth (CTD) in-
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strument mounted on SeaSoar taken off Georges Bank
to calculate Thorpe scales. They found that L T was undersampled in comparison to free-falling microstructure
instruments, although they did not have any coincident
microstructure data with which to compare. This was
partly due to the fact that while the Sea-Bird 9111 CTD
samples both temperature and conductivity at 24 Hz,
the frequency response of these instruments is considerably lower. At speeds of 1 m s 21 (typical SeaSoar
vertical velocities at middepth), Gregg and Hess (1985)
found that the temperature and conductivity frequency
responses (defined as the inverse of the time required
for the instrument to reach 63% of the final value following a step change in temperature or conductivity)
were closer to 2.5 and 4–10 Hz (depending on flushing
rates), respectively.
In this paper, we extend the Thorpe-scale analysis to
MicroSoar data, the frequency response of which better
matches that of traditional microstructure instruments.
As part of the Coastal Ocean Advances in Shelf Transport (COAST) program (Barth et al. 2002), the aim of
which is to study cross-shelf wind-driven transport processes, MicroSoar collected approximately 3000 and
4000 undulations in June and August of 2001, respectively, of 2048-Hz conductivity and 256-Hz temperature
data. Vertical profiles of microstructure from Chameleon, a free-falling instrument, were also collected from
a second vessel (Perlin et al. 2004, manuscript submitted
to J. Geophys. Res.) operating in the same region at the
same time, allowing a comparison with MicroSoar data.
In section 2, the background physical and oceanographic conditions as well as the dataset are described.
In the next section, we develop the method for calculating Thorpe scales from the MicroSoar data. In section
4, we compare the resulting overturn lengths, as well
as other calculated turbulence parameters, such as the
temperature variance dissipation rate, to both the corresponding values calculated from Chameleon data and
background parameters such as the gradient Richardson
number (Ri). In the summary, section 5, these results
are related to some of the hypotheses of the COAST
project, including mapping the overall microstructure in
relation to both the mesoscale hydrographic and flow
fields and the bottom topographic features. Some implications for future turbulence work are also examined.
2. Data
Two physical oceanography cruises on the R/V Wecoma were conducted in the late spring and summer of
2001 as part of the COAST project. The objective of
these surveys was to obtain ‘‘rapid, high-resolution
maps of the three-dimensional thermohaline, bio-optical, zooplankton and velocity fields’’ (Barth et al. 2002)
to complement high-vertical-resolution profiles from
Chameleon taken aboard the R/V Thomas G. Thompson,
surface current maps from land-based coastal radar, and
atmospheric measurements from an aircraft. The first of

VOLUME 21

these cruises, from 23 May to 13 June, occurred early
in the upwelling season, while the second, from 6 to 26
August, took place when upwelling was more established. During each cruise, surveys were made off both
northern Oregon, where the alongshore topography is
rather uniform and the upwelling region is narrow, and
off central Oregon, where the continental shelf is much
broader and the topography is considerably more threedimensional (Fig. 1). The data presented here are restricted to transects from the broad continental shelf off
the central coast during the May–June cruise.
SeaSoar, an undulating platform equipped with a suite
of instruments measuring physical and biooptical properties, was towed behind the R/V Wecoma at a speed
of approximately 3.5 m s 21 and sampled the water column from the surface to within 10 m of the bottom to
a maximum depth of about 110 m. Among these instruments was a standard Sea-Bird 9111 CTD equipped
with dual temperature and conductivity sensors. SeaBird claims that its temperature sensors have an accuracy of 10 238C, a resolution of 2 3 10 248C at 24 Hz,
and a time response of 6.5 3 10 22 s, where the latter
is defined as the time to reach 63% of the final value
following a step change in temperature with a water
velocity of 1 m s 21 ; corresponding parameters for the
conductivity probe are 3 3 10 24 S m 21 , 4 3 10 25 S
m 21 , and 6.5 3 10 22 s. These response times imply a
frequency response of approximately 15 Hz. While this
is a significant improvement over the previously quoted
values Gregg and Hess (1985) determined for earlier
probes, it is still considerably less than the 24-Hz rate
used in Thorpe-scale calculations.
MicroSoar’s temperature probe is a Thermometric series FP07 glass-coated bead thermistor built at Oregon
State University (Dillon et al. 2003) and has a resolution
of 3 3 10 248C and a time response of 5 3 10 22 s. The
conductivity probe is a capillary microconductivity sensor (CMCS) (Paka et al. 1999) with a resolution of 2
3 10 24 S m 21 and a time response of 5 3 10 24 s. A
three-axis accelerometer monitors vibrations of the
MicroSoar platform. Dillon et al. (2003) discuss the
technique for calculating x, the thermal dissipation rate,
from microstructure conductivity measurements and
demonstrate that towing-induced vibrations do not significantly affect the measurement of microstructure scalars.
A hull-mounted 153-kHz narrowband RD Instruments acoustic Doppler current profiler (ADCP) measured currents almost continuously over the entire cruise
(Pierce and Barth 2002), enabling microstructure measurements to be placed in the context of velocity shears
associated with jets and the bottom boundary layer. The
ADCP was configured with vertical bins of 8-m length
and with an ensemble averaging interval of 2.5 min,
implying uncertainties in the currents of 0.013 m s 21 .
When calculating Richardson numbers, a smoothed
stratification (N 2 ) is used to ensure that the measurement
scales are similar to those of the shear: the sorted den-
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FIG. 1. Bathymetry off the coast of Oregon (m) with selected transects (horizontal bars).

sity, calculated using the Sea-Bird CTD data, is averaged using triangular windows of half-width 2 min and
8 m in the horizontal and vertical directions, respectively. The SeaSoar (stratification) and ADCP (shear)
data are aligned temporally and spatially via the GPS
time and depth recorded by each instrument.
On several occasions during the first cruise, the Wecoma made transects in the same area as the Thompson
(i.e., east–west sections of at least 10 km in length to
allow enough profiles for comparison) within 12 h of
each other, a short enough time that it may be reasonable
to assume that the mixing environments were similar.
Unfortunately, during some of these events, including
two that featured strong downwelling-favorable winds,
MicroSoar was not working properly because of internal
ground faults. The two sections used for comparison
occurred off central Oregon in a region of complex offshore topography (Fig. 1): one after a relatively weak
downwelling-favorable wind event and one after a stronger upwelling-favorable wind event (Fig. 2). We will
use these instances to compare microstructure measurements between MicroSoar and Chameleon to demonstrate that MicroSoar can be a valuable addition to the

turbulence community. First, we turn to the technique
used to determine Thorpe scales from the combined SeaBird 9111 CTD and MicroSoar data.
3. Method
The Sea-Bird CTD system aboard SeaSoar employs
pumped dual temperature and conductivity sensors sampling at 24 Hz. The sensors are mounted pointing forward in a hole in the nose of SeaSoar (Fig. 3). Pumping,
along with sensor design to match response times, helps
reduce errors in the derived salinity signal. Software is
used to correct the remaining response mismatch error,
which is partly due to variable flow rates past the sensors
as SeaSoar dives. The thermal mass of the conductivity
cell is corrected for by following the method of Lueck
(1990). For further details, see Barth et al. (2000). The
temperature and conductivity sensors were calibrated by
Sea-Bird on 29 and 30 March 2001, respectively.
The Sea-Bird CTD sensors are designed to have minimal drift over time; this stability is achieved at the
expense of instrument sensitivity. The MicroSoar sensors, on the other hand, are very sensitive but more
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FIG. 2. Northward wind stress (N m 22 ) during the COAST experiment (thin line), with 24-h running
mean (thick line) and times of selected transects (horizontal bars).

susceptible to drift. The sensors are mounted at the front
of the MicroSoar package underneath SeaSoar (Fig. 3).
After averaging both the Sea-Bird and MicroSoar data
to 1 Hz, the MicroSoar temperature, conductivity, and
pressure data are calibrated by linear regression against
the Sea-Bird data in 5-min sections. The regression
coefficients show very little drift over time (Dillon et
al. 2003) and have only a few outliers, which are generally due to problems with the MicroSoar analog electronics.
It is not possible to resolve overturns at scales smaller
than the Batchelor scale, k B , since molecular diffusion
removes variance faster than it is produced by the strain
rate. In the ocean, k B ø 0.01 m, and with vertical speeds
of the SeaSoar platform exceeding 0.25 m s 21 through-

FIG. 3. Schematic of SeaSoar as equipped for use during the
COAST experiment.

out most of the water column in each undulation, examining the MicroSoar data at frequencies above 25 Hz
does not yield additional information. The MicroSoar
pressure, temperature, and conductivity data are thus
filtered using an elliptic filter of order 8 and frequency
cutoff of 25.6 Hz and is then block-averaged to 25.6
Hz.
Many of the steps used to calculate Thorpe scales
from the MicroSoar data are those Ullman et al. (2003),
following Galbraith and Kelley (1996), employed for
24-Hz Sea-Bird data from the SeaSoar. For example, to
limit the extent to which horizontal density variations
affect calculated overturns and to prevent biases against
large overturn sizes, only sections in which the vertical
speed exceeds 1.0 m s 21 (i.e., for which the attack slope
is at least 0.3) and which are at least 20 m in vertical
length are used. The minimum vertical speed was increased from 0.25 m s 21 , the value Ullman et al. (2003)
used, in light of the fact that nonlinear solitons with
slopes approaching 0.3 can occur off the Oregon shelf
in the presence of shear (Moum et al. 2003). Thorpe
(1978) found that the maximum internal wave slope that
can exist in flows without shear is 0.34; in the presence
of even modest shear, the maximum stable slopes fall
below 0.3.
For upward casts, the former criterion often results
in the loss of a considerable portion of the top of the
profile, with minimal loss at the bottom; for downward
casts, the loss at the top is typically several meters, while
that at the bottom is generally quite substantial. For the
24-Hz Sea-Bird data, the calculated density is then sorted to calculate potential overturns in the standard way
(Thorpe 1977). Real overturns are identified as those
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FIG. 4. Method for calculating Thorpe scales as applied to an individual MicroSoar cast from transect bb2line6: (a) temperature–salinity
plot and (b) conductivity–density based on 24-Hz Sea-Bird CTD data, (c) MicroSoar density from MicroSoar conductivity [gaps indicate
regions where relationship in (b) is nonlinear], (d) detail of individual reordering region with measured (thin) and sorted (thick) density,
(e) Thorpe fluctuation, (f ) corresponding Thorpe displacement for those reordering regions that meet criteria, and (g) associated root-meansquare Thorpe scale.

that pass a number of criteria proposed by Galbraith and
Kelley (1996), including resolution tests for both the
thickness and density differences and a water-mass test
to exclude inversions arising from mismatches in the
time response of the temperature and conductivity
probes.
Whereas the Sea-Bird CTD system utilizes a flowthrough system, ensuring that the temperature and conductivity probes sample the same volume of water, the
same is not true for MicroSoar, of which the T and C
probes are fixed 0.10 m apart on the underside of the
SeaSoar platform (Fig. 3). The density calculated using
the MicroSoar temperature and conductivity probes together is thus not a reliable estimate of the true density;
the T–S diagram is much less linear than that for the

corresponding Sea-Bird 24-Hz data. It is not surprising,
therefore, that the vast majority of potential overturns
calculated using the MicroSoar density fail the watermass test.
To calculate Thorpe scales from MicroSoar data requires that the density be determined from only one of
the probes, and since the FP07 thermistor has a lowerfrequency response (23 dB at 20 Hz), the conductivity
probe is used. In order to do this, the densities calculated
from the Sea-Bird temperature and salinity data (Fig.
4a) are linearly regressed on the Sea-Bird conductivity
data to create a lookup table (Fig. 4b). A similar procedure was employed by Crawford (1986), whose vertical turbulence profiler measured only temperature.
Crawford calculated density using temperature and sa-
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linity from CTD casts taken within an hour of the turbulence profiles, whereas we have the advantage of measuring density from the nearly collocated Sea-Bird CTD
sensors. Best-fit lines for depth ranges of at least 1 m
and containing at least 10 data points are calculated,
with the slope and intercept then used to obtain density
from the MicroSoar conductivity data over those same
depth ranges (Fig. 4c). It is not possible, therefore, to
calculate overturns based on the MicroSoar data in regions for which the Sea-Bird conductivity–density relation is not piecewise linear. As a result, high-resolution
density data are not available for about 10% of the water
column for a typical profile, a loss which is approximately equal to the number of potential overturns calculated from the Sea-Bird data that fail the water-mass
test.
Overturns are then calculated from this MicroSoar
density in the same manner as for the Sea-Bird data.
Potential overturns (Fig. 4d) are identified within reordering regions (Galbraith and Kelley 1996), or ‘‘complete overturns’’ (Dillon 1984), by examining the difference between the measured and sorted density profile.
This Thorpe fluctuation (Fig. 4e) corresponds to a
Thorpe displacement (Fig. 4f), distances water parcels
in the background (i.e., sorted, stable) density profile
moved as a result of overturning eddies, which can be
of either sign. To obtain Thorpe scales, these displacements are averaged vertically in a root-mean-square
sense. This is generally done over scales representative
of the overturns themselves, although what this scale
should be is less than obvious. Following Ullman et al.
(2003), the averaging is done over the entire length of
the reordering region (Fig. 4g).
To facilitate comparison of the resulting Thorpe displacements to those calculated from traditional free-falling microstructure instruments, density data from the
Chameleon is processed in the same manner. While it
is unreasonable to expect similarities between individual
profiles given the intermittent nature of turbulence, statistical representations, such as probability density functions of overturn size, should be comparable for similar
mixing regimes.
4. Results
a. MicroSoar
An east–west transect at 44.248N obtained on 28 May
2001, sbs1lineE, reveals the classic shoaling of isopycnals toward the coast in response to upwelling-favorable
winds (Fig. 5a). The associated southwestward coastal
jet, above Heceta Bank, is confined to the upper part of
the water column and isolated from the coast by an area
of recirculation to the north (Fig. 5f). In the region
between the jet and recirculation, there is some divergence in U, the zonal flow (Fig. 5e). The large Thorpe
signal (Fig. 5c) seen in the MicroSoar data just above
and inshore of Heceta Bank is confined to depths below

VOLUME 21

60 m due to fairly strong stratification (Fig. 5b) at the
edge of the jet, even though the shear (Fig. 5g) is large.
This region of strong eddy activity matches very well
that where the very weak stratification causes the Richardson number to fall below 0.1 (Fig. 5h).
The strong overturn signal near Heceta Bank (Fig.
5c) is seen in only every second cast (the upward casts);
on downward casts, the SeaSoar trace levels out as the
bottom of each cast is approached, resulting in vertical
instrument speeds of less than 1.0 m s 21 . In addition,
because the instrument is not flown closer than 10 m to
the bottom, particularly in regions where the topography
changes abruptly, it is not known how much deeper, or
indeed how much farther west to the bank, this region
of large overturns extends. Thus, although it appears
that the Thorpe signal is a result of Heceta Bank, it is
not possible to show this conclusively. This loss of data,
compared to free-falling instruments, for example, is the
trade-off for the ability to sample quickly over large
areas.
Weaker and more intermittent Thorpe signals, which
may be related to the sloping bottom, are seen at about
124.38W and 50-m depth, where the stratification is also
weak. The overturns are seen in both the up- and downward casts, extending up to depths of 30 m within the
recirculation zone. Unfortunately, the absence of shear
measurements makes the calculation of Richardson
numbers impossible in this region. There are large x
values at 124.98W and 70-m depth, at the upper edge
of a deeper poleward jet, where low Richardson numbers are due to strong shear instead of reduced stratification. This signature of small-scale mixing is accompanied by a few elevated Thorpe-scale measurements,
though the signal is not overwhelming. Similarly, there
is a suggestion of overturns at 124.88W and 20-m depth,
which may lie beneath an oceanward extension of the
southward coastal jet.
The relationship between stability and overturn size
is better seen in scatterplots (Fig. 6), although the nature
of associating large-scale parameters to mixing parameters means that these correlations are not always easy
to visualize. For example, while density, Thorpe displacements, and thermal dissipation are measured at
scales of centimeters vertically, the ADCP current is
measured in 8-m bins vertically. In order to more closely
match the spatial scales, the density data are smoothed
vertically, with a triangular filter of half-width equal to
that of the ADCP bin size (8 m), and horizontally before
the buoyancy frequency is calculated, as was done for
the Richardson number calculations in Fig. 5. While
large overturns are clearly associated with weaker stratification (Fig. 6a), there is no apparent relationship between overturn size and shear (Fig. 6b), although the
large overturns are found to the right of the midpoint
of the shear (7 3 10 26 s 22 ). The largest overturns have
mean Richardson numbers below unity (Fig. 6c), with
the majority at or below the 0.25 linear stability criterion.
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FIG. 5. Flow properties for transect sbs1lineE: (a) s t (kg m 23 ), (b) buoyancy frequency squared (s 22 ), (c) calculated rms
Thorpe scale (m), (d) thermal dissipation rate (8C 2 s 21 ), (e) east–west velocity (m s 21 ), (f ) north–south velocity (m s 21 ),
(g) shear squared (s 22 ), and (h) Richardson number. The 1026 kg m 23 isopycnal is denoted by the thick line, while the thin
lines are the 0.2 and 0.4 m s 21 contours of the total speed.

On the other hand, while the largest thermal dissipation rate measurements are associated with the strongest shear (Fig. 6e), they are associated with stronger
stratification (Fig. 6d). As a result, there is no clear

relationship between large thermal dissipation rates and
Ri (Fig. 6f), though one would perhaps not expect a
strong relationship since thermal energy dissipates at
scales considerably smaller than the buoyancy scale, L b
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FIG. 6. Relationship between flow and mixing parameters for transect sbs1lineE. In (a)–(c) each point represents
the rms Thorpe displacement (m) over an overturning region, and the solid line indicates the median independent
variable. In (d)–(g) each point represents a single measurement of the thermal dissipation rate (8C 2 s 21 ). Values
below 10 28 are within the noise band and are not shown. In (c) and (f ) the shaded region represents Ri , 0.25.

5 2p (e/N 3 )1/2 , the length scale of the largest eddies
that can be sustained without being impeded by stratification.
Finally, there is no clear relation between overturn
scales and thermal dissipation rates themselves (Fig.
6g). In the image of sbs1lineE (Fig. 5d), low values of
thermal dissipation are seen just above and inshore of
Heceta Bank, where the largest Thorpe displacements
are seen. This is perhaps not surprising, since overturns
and dissipation are different stages in the cascade of
energy from large-scale flow to thermal energy, with
dissipation occurring only after large eddies have become much smaller. During this time, not only do conditions following the flow change, but the background
current transports different water masses into the area.
The larger thermal dissipation values at 60-m depth directly above Heceta Bank, for example, may be the
result of overturns that occurred at that location earlier,
but it is also possible that overturns generated earlier
just inshore of Heceta Bank (in the same region that
they are seen in Fig. 5) were transported oceanward and
upward by the diverging zonal flow.
A transect at the same location about 60 h later,
bb2line6 (Fig. 7), reveals a coastal jet that is considerably stronger and larger in cross-sectional area (Figs.
7e and 7f). At the same time, zonal flows are noticeably
weaker; that is, the coastal jet is aligned in a more north–

south direction. Nevertheless, although the magnitude
of the largest Thorpe scales (Fig. 7c) is somewhat smaller than for transect sbs1lineE (Fig. 5c), the distribution
is remarkably similar: increased eddy activity is seen at
60 m west of the jet (124.88W), at 20 m above the
sloping bottom between 124.38 and 124.28W, and just
beneath the southward coastal jet (above and inshore of
Heceta Bank).
In the latter case, SeaSoar was not flown as close to
the bottom during the bb2line6 transect (cf. sbs1lineE),
so fewer overturns are seen. Compared to transect
sbs1lineE, where low Richardson numbers (Fig. 5h) just
above and inshore of Heceta Bank resulted from weak
stratification (Fig. 5b) overcoming weak shear (Fig. 5g),
the low Ri values for transect bb2line6 (Fig. 7h) result
from strong shear (Fig. 7g); stratification is considerably
stronger (Fig. 7b). This suggests that, for bb2line6 at
least, mixing is associated with the edge of the jet and
not with topography. This may also be the case for the
corresponding region of transect sbs1lineE (Figs. 5c and
5h), as the horizontal separation from Heceta Bank is
several kilometers and mixing levels directly above the
bank are relatively weak. Unfortunately, without measurements to isolate the overturning region from the
bottom, as for bb2line6, firm conclusions cannot be
drawn.
The weakest stratification seen in transect bb2line6
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FIG. 7. As in Fig. 5, but for transect bb2line6.

is not as weak as in sbs1lineE, and Richardson numbers
below 0.1 or Thorpe scales exceeding 8 m are not seen.
Nevertheless, the scatterplots for bb2line6 (not shown)
are qualitatively similar to Fig. 6. That is, elevated
Thorpe scales are generally associated with weak stratification, large shear, and low Richardson number.

b. Comparison to 24-Hz Sea-Bird data
There is typically much less Thorpe-scale signal in
the 24-Hz Sea-Bird data compared to MicroSoar, particularly at small and large Thorpe scales. This is a result
of the slower response time of the Sea-Bird temperature
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and conductivity sensors and to potential mixing that
occurs in the duct leading to the conductivity sensor.
These factors should result in the loss of displacement
signal most notably for overturns that are small in vertical extent and for overturns in weakly stratified water,
respectively. The latter are generally large, as seen just
inshore and above Heceta Bank on line sbs1lineE (Fig.
5c), for example, in a region where stratification was
weak (Fig. 5b) and Richardson numbers low (Fig. 5h).
The corresponding overturns calculated from the SeaBird data (not shown) are both smaller and fewer in
number.
Histograms of the number of overturns at each rms
value (Fig. 8a) show this clearly: 1) the range of Thorpe
scales calculated from MicroSoar data extends to smaller scales than those from the Sea-Bird data, and 2) overturns exceeding 4 m in extent are not seen in the SeaBird data. Therefore, not only does MicroSoar correct
some of the undersampling of small Thorpe scales noted
by Ullman et al. (2003), but it appears to better calculate
Thorpe scales in regions of low stratification.
c. Comparison to Chameleon data
Unfortunately, comparisons between Thorpe scales
measured with the undulating platform and those from
Chameleon are not very conclusive. Histograms (Fig.
8a) and probability density functions (PDFs) (Fig. 8b)
of root-mean-square Thorpe scales indicate that Thorpe
scales calculated on the Chameleon transects are smaller
in size. However, PDFs of stability, as measured by the
Richardson number, suggest that this disparity is due to
a difference in energy levels between the transects (Fig.
8c).
This is not unreasonable, considering Moum et al.
(1995) found order-of-magnitude differences in 1-day
means of the estimated dissipation rate measured by
shear probes on two vertical profilers over the same 3day period on separate vessels operating within close
proximity in the open ocean. They concluded that ‘‘natural variability can cause large differences in averages
of e made over coincident O(100) profiles spaced reasonably evenly over the sampling period and located
within several km of each other’’ (Moum et al. 1995).
A more determined effort to collocate MicroSoar and
loosely tethered free-falling microstructure instruments
is needed to quantitatively compare these two instruments.
5. Summary
MicroSoar is a high-frequency instrument that, when
mounted on SeaSoar, is able to make finescale thermal
dissipation-rate measurements. In this paper, it has been
shown that its high-resolution temperature and conductivity data significantly increase the ability to measure
Thorpe scales, particularly scales of small vertical extent
and those in regions of low stratification, compared to
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those measured with the Sea-Bird 9111 CTD. Owing
to the separation of the T and C probes, however, the
density cannot be calculated directly, necessitating the
development of a method employing lookup tables
based on averaged Sea-Bird conductivity and density
data.
Based on the two SeaSoar sections presented, it appears that the large Thorpe scales measured are associated with shear at the edge of the coastal jets and not
with topographic features. The SeaSoar does not approach within 10 m of the bottom at best, however, so
eddies smaller than 10 m in extent (i.e., smaller than
the largest seen in the midwater column) associated with
topography might not be seen with this undulating platform. It is likely that the available potential energy these
bottom eddies represent is smaller, as stratification is
typically much larger in the midwater column.
Unfortunately, due to the differences in turbulent energy between the Chameleon and SeaSoar transects, as
evidenced by the differences in stability, it was not possible to relate Thorpe-scale results from the towed, undulating body to those from the more traditional freefalling profiler. Thorpe-scale analysis from instruments
undulating at large horizontal speeds is not expected to
be as accurate as those from free-falling instruments,
the inability to measure smaller Thorpe scales (Fig. 8a)
being an obvious shortcoming. The intent of the present
analysis, however, is not to compete with measurements
made from traditional instruments. Rather, we see the
SeaSoar as a tool to quickly survey a much larger area
for large overturns, identifying regions that can be examined repeatedly and in more detail using loosely tethered turbulence profilers or autonomous underwater vehicles.
We are presently using the Garrett–Munk internal
wave spectrum, with parameters relevant to the Oregon
shelf region, to examine the distribution of internal wave
slopes. This will allow us to determine more clearly the
effect of nonvertical attack angles on the measurement
of potential overturns and will hopefully allow us to
relax the 1.0 m s 21 vertical speed criterion. Future work
will also include examining the energy made available
to mixing by these eddies. In addition, by considering
a more complete temporal history involving additional
transects, including data from regions of simpler topography and with different wind regimes, the relationship between the onset of turbulence, represented by
overturns, and its eventual manifestation as dissipation,
may be examined.
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FIG. 8. Comparison of rms Thorpe scales and Richardson numbers for Chameleon and SeaSoar transects:
(a) number of calculated Thorpe scales normalized by the number of drops, (b) probability density function
of rms Thorpe scale, and (c) probability density function of Richardson number.
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