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ABSTRACT

Almost 1000 microstructure profiles from two separate groups on two separate ships using different instru-
mentation, signal processing, and calibration procedures were compared for a 3.5-day time period at 0°, 140°W
and within 11 km of each other. Systematic bias in the estimates of ¢ is less than a factor of 2, which is within
estimates of the cumulative uncertainties in the measurement of e.

Although there is no evidence for strong gradients in mean currents, water properties, or surface meteorology,
occasional hourly averages of ¢ differ by several factors of 10. Both groups observed periods where ¢ estimates
exceeded those of the other group by large factors. The authors believe that the primary reason for these large
differences is natural variability, which appears to be greater in the meridional direction than in the zonal

direction.

1. Introduction

Although oceanic estimates of the turbulence dis-
sipation rate of kinetic energy ¢ have.been made by
several groups over the past 20 years, there has been
little opportunity to make direct comparisons between
groups. This has largely been due to logistical con-
straints and the great amount of time and energy re-
quired to mount a sea-going experiment. However, all
of the groups making the measurements from which ¢
is estimated have very different experimental config-
urations, different means of calibrating sensors, and
different analog and digital signal processing proce-
dures. As a result, there are many sources of uncertainty
in the estimates of ¢ and many ways that estimates may
differ between groups. In fact, a rudimentary compar-
ison of ¢ estimates from the first Tropic Heat experi-
ment in 1984 (Moum and Caldwell 1985; Gregg et al.
1985; Moum et al. 1989) indicated a systematic dif-
ference between the two groups involved (Peters et al.
1988).
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As defined in the Reynolds-averaged turbulence ki-
netic energy ( TKE) equation, the TKE dissipation rate
is

_ 6u,~ au,- auj
e—v(T)axj(axj+axi). (1)

Here »(T) is the temperature-dependent kinematic
viscosity of the fluid [in seawater »(T') is weakly de-
pendent on salinity and pressure but strongly depen-
dent on temperature; in equatorial waters the temper-
ature ranges from 28°C at the surface to 10°C at
200-m depth, causing a 50% variation in »( T')]; u refers
to the turbulence velocity fluctuations; x refers to the
spatial coordinate system; and standard tensor notation
is used, summing over three components. The overbar
refers to a suitable average that is not usually realized
in field measurements. Ideally, the overbar represents
an average over a large number of representative ex-
amples of the turbulence (an ensemble average). From
vertical profiles, however, the data represent a vertical
series through a turbulent field of unknown horizontal
dimension at some unknown stage of temporal evo-
lution. From this, we compute an average over a finite
depth extent.

The fundamental measurement used to estimate ( 1)
is accomplished using airfoil (shear) probes (Osborn
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and Crawford 1980). These sense the velocity fluctu-
ations in a coordinate orthogonal to the flow direction.
Two sensors mounted with their sensing elements
aligned orthogonally resolve the horizontal velocity
fluctuation field. The probe signal is routinely differ-
entiated electronically. The process of differentiation

(i) emphasizes the high-frequency part of the signal
that contributes the most to e,

(i1) removes the low-frequency part of the signal
that is not particularly useful because of the inherent
ac properties of peizoceramic devices, the large and
variable temperature sensitivity of the devices, and the
high-pass filtering affected due to the finite size of pro-
filers moving vertically through the flow field, and

(ii1) thereby permits sampling a greater dynamic
range of the signal of interest.

Using Taylor’s frozen flow hypothesis (that is, time
derivatives are equivalent to spatial derivatives in the
direction of the mean flow if the flow field evolves
slowly relative to the time period over which it is mea-
sured) and the flow speed past the probe, the spatial
derivatives of the velocity fluctuations are obtained.
From vertically profiling microstructure instruments
such as CHAMELEON and AMP, ! the flow speed past
the probe is approximated by the rate at which the
profiler falls through the water column. The spatial
derivatives obtained are du/dz and dv/dz. These rep-
resent 2 of 12 terms in (1); for isotropic turbulence,
the terms are simply related, only one dependent term
exists (Hinze 1975) and the following approximation
to (1) is made:

15 |/ du 2 + )2

VIS (62) (82) )
Since (du/dz)? ~ (dv/dz)? for isotropic turbulence,
two probes mounted parallel (that is, mounted so as
to sense the same component of velocity fluctuation)
might also be used to obtain ¢ ~ (15/2)v(du/dz)?
~ (15/2)v(dv/9z)?. In a stratified fluid, some degree
of anisotropy of the turbulence may exist at low values
of the parameter ¢/»N? [N?> = —(g/p)(dp/3z) — (g*/
c?); g is the gravitational constant, p is the density of
seawater, c is the speed of sound in seawater; and z is
the vertical coordinate]. Anisotropy becomes more
evident as ¢ diminishes relative to the stratification.

Recent work by Itsweire et al. (1993), Thoroddsen and
Van Atta (1992), and Yamazaki and Osborn (1990)

(2)

! CHAMELEON was designed, constructed, and deployed by the
microstructure group at the College of Oceanic and Atmospheric
Sciences, Oregon State University; hereafter OSU. AMP (advanced
microstructure profiler) was designed, constructed, and deployed by
the microstructure group at the Applied Physics Laboratory, College
of Ocean and Fishery Sciences, University of Washington; hereafter
Uw.
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has sought to quantify the effect of anisotropy on e
estimates. We cannot address this problem here as we
have no way to test the isotropic assumptions from our
data. According to Yamazaki and Osborn (1990), the
isotropic estimate is reasonable for ¢/»¥N? > 20, and
this condition is satisfied for most of the data examined
in this study (Fig. 1; particularly 50-, 75-, 100-, and
125-m depths).

As part of the Tropical Instability Wave Experiment
(TIWE), we endeavoured to occupy a station at 0°,
140°W for a period that would include two full cycles of
the 21-day (nominal) period tropical instability waves
under investigation. Because of limited ship duration,
two ships (and groups) were required to make the mea-
surements, the plan being to combine the two datasets
into a single continuous dataset following the experiment.
A 3.5-day overlap period was planned into the operations
so that data comparisons could be made before combin-
ing datasets. During this time, the two groups profiled
continuously within several kilometers of each other.

The purpose of this paper is to assess the uncertain-
ties in estimates of ¢ made by the two groups while in
close proximity to each other. This is done by statistical
comparisons of the two datasets, which is discussed in
the main text of the paper. The details of the instru-
mentation, calibrations, and both hardware and soft-
ware processing techniques used by each group are de-
scribed in separate appendices. The appropriateness of
the use of a universal spectral form for dissipation range
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FI1G. 1. Averaged ¢ profiles at 5-m intervals for the 3.5-day over-
lapping time series from the OSU group (solid line) and the APL/
UW group (dashed line). The 95% confidence intervals of the mean
values at each depth were computed using the bootstrap method.
Also shown are profiles of the isotropy parameter ¢/vN? determined
from each dataset.
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turbulence as a correction factor for incomplete mea-
surement resolution of the spectrum is discussed in
appendix C.

2. Results

The TIWE provided the opportunity for an extensive
comparison of microstructure measurements between
the UW and OSU groups. One purpose of the exper-
iment was to resolve two cycles of the 21-day tropical
instability waves that have been observed in most bo-
real autumns. The endurance of most suitable ships in
the research fleet is limited to 35-40 days by a com-
bination of fuel, food, labor regulation, and psycho-
logical considerations. Steaming time from Honolulu
to the station at 0°, 140°W is about 6 days. This meant
that two ships (and two groups) were required to
* maintain a continuous station for at least 42 days.

The R/V Wecoma, carrying the OSU group, arrived
on station at about 1700 UTC 4 November 1991 (local
" time is about UTC — 10 h; 4 November corresponds
to year-day 308 with | January counted as day 1).
CHAMELEON was deployed on a nearly continuous
- basis from then until 2400 UTC 24 November at the
rate of 8-12 profiles per hour to 200-m depth. Profiling
was done from the stern of the ship, while steaming
* was at about 0.2 m s~ relative to the water. To avoid

going farther than 5.5 km from the NOAA (National
Oceanic and Atmospheric Administration) buoy at the
station (from which hourly range and bearing readings
were made) and to maintain continuous measure-
ments, this method required us to profile while heading
both into and away from the wind. Disruptions in pro-
filing were mainly due to the maintenance schedule
determined by the engineering department of R/V
Wecoma, requiring two hours of steaming at about
lunchtime every other day and by occasional instru-
mentation problems.

The R/V Moana Wave, carrying the UW group,
arrived on station and began profiling at about 1500
UTC 21 November 1991 and stayed until 13 Decem-
ber, deploying AMP at a profiling rate of two to four
profiles per hour. AMP was deployed from the star-
board side of Moana Wave, with the wind on the star-
board side so that the ship drifted away from the profiler

. at all times. Disruptions in profiling were mainly due
to repositioning of the ship upwind of the NOAA buoy
once the ship had drifted too far downwind from the
buoy.

A detailed description of the upper ocean over the
entire overlapped period, including hydrography and
current structure, is given by Lien et al. (1995).

The period of overlap of the two groups on station
was almost 3.5 days, during which hourly range and
bearing estimates were made from Wecoma to deter-
mine the relative position of Moana Wave. Many
hundreds of comparison profiles were made with the
ships within 1-11 km of each other. For comparison,
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the data were averaged vertically over 5 m and centered
at 15, 20, 25 m, etc. Time-averaged vertical profiles
were plotted at these depths. For direct data comjpar-
isons, we concentrated our analysis at four depths: 50,
75, 100, and 125 m.

The first comparison of the two datasets consists of
vertical profiles averaged vertically over 5 m and over
the entire 3.5-day time series (Fig. 1). These agree
within 95% bootstrapped confidence intervals at 27 of
34 depth intervals. The AMP estimates were consis-
tently higher over 120-150 m. An examination of ¢
time series showing data from each individual AMP
and CHAMELEON profile at fixed depths shows two
important features (Fig. 2). First of all, the longer pe-
riod (more than several hours) trends are clearly co-
herent in the two series. A diurnal mixing cycle is ev-
ident at 50 m, peaking at or shortly after 1200 UTC
(0.5 decimal day time), coincident with maximum
nighttime cooling. The cycle was more pronounced
during the latter two days of the record, when the wind
stress was greater (wind stress was greater than 0.1
N m™2 after 327.0, but less than 0.08 N m™?2 prior to
that, dipping below 0.02 N m™2 between 326.3 to
326.6). At 75-m depth the sharp increase in € shortly
after 327.5 was observed at both ships. Although the
sharp change appeared in both datasets, the nature of
the change was different in each dataset. With the ex-
ception of a single point, the ¢ values observed by
CHAMELEON were more than two orders of mag-
nitude greater than those observed by AMP after the
change. In fact there are many examples in the time
series where short period (hours) increases in € were
observed at one ship but not the other. For example,
on day 326.5 at 50-m depth, the UW group aboard
Moana Wave observed e values that were 10-100 times
greater than observed by the OSU group on Wecoma.
Shortly after 328.5 at 125 m, the OSU group observed
€ values that were 10-100 times greater than were ob-
served by the UW group. Incidents of periods when
sustained large ¢ was sensed by one group but not the
other seem to be equally apportioned between groups.

Histograms of the data (Fig. 3; all profiles included
individually ) show that even though the mean values
at most depths correspond within 95% confidence lim-
its, distributions of the data do not usually agree so
well. At 75-m depth probability distributions of the
two datasets pass the x? test at the 99% significance
level, indicating that the values are representative of
the same population. At other depths, the x? statistic
is high, indicating that the distributions differ. At 50
m, the CHAMELEON average is dominated by fewer,
higher values of e. Below 75 m, the different noise levels
of the two estimates contribute to the high X ? statistic,
as seen in the histogram at 125-m depth. The ncise
level for CHAMELEON is apparently somewhat larger
than for AMP, as seen in the peaks in the histogram
at several times 107'° m? s=3 (although 40%-50% of
the values are within a factor of 3 of the noise peak,
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FIG. 2. Time series of ¢ (5-m averages) from every AMP (filled circle) and CHAMELEON (open circle) profile
during the 3.5-day overlap period at 50, 75, 100, and 125 m.

the arithmetic mean value of ¢ at that depth is deter-
mined by the few values above 107® m? s, as seen
in the lower panel of Fig. 3d). The differences in noise
levels may be accounted for by the differences in fall
speeds of the two profilers as they were set for TIWE
(see discussion in appendix A and Figs. A5, A6, B7).

For a direct one-to-one comparison of the two da-
tasets, all of the profiles in a 1-h period were averaged
together (8-12 CHAMELEON profiles; 2-4 AMP
profiles), and this value was assigned to the hour
(hourly averaged time series are shown in Fig. 4). The
resulting data pairs were further compared statistically
in scatterplot form and also in a comparison of the
ratios of data pairs (Fig. 5). The two series are signif-
icantly correlated at all depths (for 80 data pairs, the
95% significance level for the linear correlation coef-
ficient is 0.22; Bendat and Piersol 1986). However,
occasional data pairs differ by a factor of 100 or more,
15% differ by more than a factor of 10 at 50 m, 9% at
75 m, 6% at 100 m, and 14% at 125 m.

Daily averaged profiles of e from the two groups ( Fig.
6) suggest that the good agreement illustrated in Fig.
1 may have been fortuitous. The differences in daily
averages are substantially larger than found in the 3.5-
day average. Above 60-m depth on the first day of the
comparison, the two means differed by up to a factor
of ten, while the 3.5-day means were not significantly
different (within 95% confidence limits). On day 1,
only 15 of 34 depth averages agreed within 95% con-
fidence limits, compared to 30 of 34 on both of days
2 and 3.

3. Discussion

There are significant similarities between these two
datasets, but there are also some important differences.
Our primary objective was to assess the cumulative
effect of measurement uncertainty on the reduced data.
However, is it possible that the natural intermittency
of turbulent flows and the spatial and temporal dis-
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FiG. 3. Histograms and fractional contributions to the arithmetic mean for the data shown in Fig. 2. The fractional
contribution was determined as the product of the ordinate and the abscissa in each bin in the upper panel divided by

the mean value for the dataset.

parities in the measurements dominate the differences
in the datasets? Let us begin by reviewing the results
from the data comparison for e.

1) Mean values at almost all depths agree within
95% confidence limits when averaged over the entire
overlap period. However, daily averages exhibit large
differences, especially in the upper 60 m.

2) Histograms generated from all of the data are
statistically identical at 75 m but differ at 50, 100, and
125 m. At 100 and 125 m, this is largely due to differing
noise levels in the two estimates of e.

3) Direct comparisons of hourly averaged data re-
veal significant correlations at all depths.

4) Even though individual data pairs occasionally
differ by more than a factor of 10, the majority of the

ratios were less than a factor of 3; modes are clustered
near 1. '

Points 2 and 3 suggest that there is good general agree-
ment between the two datasets. There is no evidence
for systematic bias due to measurement error. The oc-
casional large differences noted in 4 are primarily re-
sponsible for the differences in averages over timescales
less than the entire overlap period. Since the data have
been carefully screened, both objectively and subjec-
tively, we have no reason to believe that there remains
any source of intermittent contamination (such as de-
scribed in the appendices) that would cause the large
differences. Consequently, we believe that the remain-
ing differences between the two datasets are due to nat-
ural variability in the turbulence.
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F1G. 3. (Continued)

Any assessment of natural variability in the flow is
difficult to make given the limited data. We really only
have 80 data pairs to evaluate. The number of degrees
of freedom must be substantially less than this since
the variability in e is mainly due to diurnal variations
and to events with several hours duration. On the other
hand, some points secem clear. The most important is
the fact that we have to consider the close agreement
of the averaged vertical profiles of ¢ to be somewhat
fortuitous. None of the daily averages agree nearly so
well as the 3.5-day averages (at least above 60 m), es-
pecially on the first day of the comparison (326.0-
327.0) when the averaged values of ¢ differed by up to
a factor of 10 above 60 m (Fig. 6a). The time series
at 50 m (Fig. 4) clearly shows the period (near 326.5)
when the AMP estimates were consistently in excess
of those from CHAMELEON. Since the instrumen-

tation and signal processing was unchanged from the
rest of the experiment, and there were also periods when
CHAMELEON estimates exceeded AMP estimates by
similar amounts (although over shorter time periods),
we have no reason to expect any other factor than nat-
ural variability of the turbulence in the flow field. We
conclude that natural variability can cause large dif-
ferences 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. It
may be only coincidental that the estimates of ¢ from
the latter two days of the comparison (Figs. 6b,c)
counteract the trend from the first day to produce the
apparent excellent agreement in the 3.5-day averages
(Fig. 1). Alternatively, perhaps 3.5 days was the ap-
propriate timescale for resolving the variability at that
particular time and place.






