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ABSTRACT

Acoustic Doppler velocimeters (ADVs) are a valuable tool for making high-precision measurements of

turbulence, andmoorings are a convenient and ubiquitous platform for making many kinds of measurements in

the ocean. However, because of concerns that mooring motion can contaminate turbulence measurements and

that acoustic Doppler profilers makemiddepth velocity measurements relatively easy, ADVs are not frequently

deployed from moorings. This work demonstrates that inertial motion measurements can be used to reduce

motion contamination from moored ADV velocity measurements. Three distinct mooring platforms were

deployed in a tidal channel with inertial-motion-sensor-equipped ADVs. In each case, motion correction based

on the inertial measurements reduces mooring motion contamination of velocity measurements. The spectra

from these measurements are consistent with other measurements in tidal channels and have an f25/3 slope at

high frequencies—consistent with Kolmogorov’s theory of isotropic turbulence. Motion correction also im-

proves estimates of cross spectra andReynolds stresses. A comparison of turbulence dissipation with flow speed

and turbulence production indicates a bottom boundary layer production–dissipation balance during ebb and

flood that is consistent with the strong tidal forcing at the site. These results indicate that inertial-motion-sensor-

equipped ADVs are a valuable new tool for making high-precision turbulence measurements from moorings.

1. Introduction

Acoustic Doppler velocimeters (ADVs) have been

used to make high-precision measurements of water

velocity for over 20 years (Kraus et al. 1994; Lohrmann

et al. 1995). During that time, they have been deployed

around the world to measure turbulence from a range of

platforms, including in the laboratory setting (Voulgaris

and Trowbridge 1998); from stationary structures on

ocean, river, and lake bottoms (Kim et al. 2000; Lorke

2007; Cartwright et al. 2009); in surface waters from a

pole lowered from a ship’s bow (Geyer et al. 2008); and

in the deep ocean from autonomous underwater vehi-

cles (e.g., Zhang et al. 2001; Goodman et al. 2006).

A relatively small fraction of ADV measurements

have been made from moorings (e.g., Fer and Paskyabi

2014). Presumably this is because mooring motion can

contaminateADVmeasurements, and acousticDoppler

profilers (ADPs) can measure some middepth turbu-

lence statistics without a mooring (e.g., Stacey et al.

1999a; Rippeth et al. 2002; Wiles et al. 2006; Guerra

Paris and Thomson 2017). Still, ADV measurements

have distinct characteristics that can be advantageous:

they are capable of higher sample rates, have higherCorresponding author: Levi Kilcher, levi.kilcher@nrel.gov
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signal-to-noise ratios, and have a much smaller sample

volume (1 cm, as opposed to several meters).

Inertial motion unit (IMU) sensors have been used in

the aerospace and aeronautical industries to quantify the

motion of a wide range of systems, and to improve at-

mospheric velocity measurements, for several decades

(Axford 1968; Edson et al. 1998; Bevly 2004). In the last

decade, the smartphone, drone, and ‘‘Internet of Things’’

markets have driven innovation in microelectrical–

mechanical systems, including the IMU. As a result of

this growth and innovation, the cost, power requirements,

and size of IMUs have come down. These changes have

allowed these sensors to be integrated into oceanographic

instruments that have small form factors, and rely on

battery power.

Nortek now offers a version of their Vector ADV

with a MicroStrain 3DM-GX3-25 IMU sensor (Nortek

2005; MicroStrain 2012). The IMU’s signals are incor-

porated into the Vector ADV’s data stream so that its

motion and orientation signals are tightly synchronized

with the ADV’s velocity measurements. This tight syn-

chronization provides a dataset that can be utilized to

quantify ADVmotion in Earth’s inertial reference frame

and to remove that motion from the ADV’s velocity

measurements at each time step of its sampling (Edson

et al. 1998). This work utilizes ‘‘ADV-IMU’’ measure-

ments from middepth moorings in Puget Sound to

demonstrate that motion correction can improve the

accuracy of oceanic turbulence spectra, turbulence

dissipation, and Reynolds stress estimates.

This effort was originally motivated by a need for

low-cost, high-precision turbulence measurements for

the emerging tidal energy industry (McCaffrey et al.

2015; Alexander and Hamlington 2015). Experience in

the wind energy industry has shown that wind turbine

lifetimes are reduced by atmospheric turbulence, and

the same is expected to be true for tidal energy tur-

bines. In the atmosphere, meteorological towers are

often used to position sonic anemometers at the hub

height of wind turbines for measuring detailed turbu-

lence inflow statistics (Hand et al. 2003; Kelley et al.

2005; Mücke et al. 2011; Afgan et al. 2013). In the

ocean, tower-mounted hub-height turbulence mea-

surements have been made, but they are challenging to

install and maintain in energetic tidal sites (Gunawan

et al. 2014; Thomson et al. 2012). Therefore, the U.S.

Department of Energy funded this work to investigate

the accuracy of mooring-deployed ADV-IMUs to re-

duce the cost of turbulence measurements at tidal

energy sites (Kilcher et al. 2016). The approach proved

to be successful and potentially useful to the broader

oceanographic community interested in moored tur-

bulence measurements (Lueck and Huang 1999;

Doherty et al. 1999; Nash et al. 2004; Perlin and Moum

2012; Alford 2010; Paskyabi and Fer 2013).

The next section describes details of themeasurements,

including a summary of the hardware configurations

(platforms) that were used to support and position the

ADV-IMUs in the water column. A detailed description

of the motion of these platforms is found in the com-

panion paper to this work, Harding et al. (2017, hereafter

Part I). Section 3 describes the mathematical details of

motion correction, and section 4 presents results from

applying the method to measurements from the various

platforms. Section 5 is a discussion of the energetics of the

tidal channel in which the measurements were made and

demonstrates that the measurements are consistent with

turbulence theory and other measurements in similar

regimes. A summary and concluding remarks are pro-

vided in section 6.

2. Measurements

This work focuses on measuring turbulence from ADVs

that are equipped with IMUs and deployed from moving

(moored) platforms. The ADVs utilized for these mea-

surements were Nortek Vector ADVs equipped with

MicroStrain 3DM-GX3-25 IMUs. These IMUs captured all

six components of ADV motion (three components of an-

gular rotation and three components of linear acceleration),

as well as the orientation of the ADV pressure case. The

IMU measures its motion at 1kHz and uses internal signal

integration (Kalmanfiltering) tooutput themotion signals at

the same sample rate as the ADV’s velocity measurements

(the measurements are synchronized to within 1022 s). This

reduces aliasing of the IMU’s motion measurements above

the ADV’s sample rate (MicroStrain 2010).

All measurements used in this work were made in

Admiralty Inlet, Washington, approximately 500m west-

southwest of Admiralty Head in 60m of water at

4889.180N, 122841.220W (Fig. 1). The site is approximately

6kmeast of Port Townsend,Washington.Admiralty Inlet

is the largest waterway connecting Puget Sound to the

Strait of Juan de Fuca, and it possesses a large semidiurnal

tidal flow (Thomson et al. 2012; Polagye and Thomson

2013). This work utilizes data from three distinct de-

ployment platforms: the Tidal Turbulence Mooring, a

StableMoor buoy, and a sounding weight.All data used in

this analysis are available from the Marine and Hydro-

kinetic Data Repository (http://mhkdr.openei.org; sub-

mission IDs: 49, 50, and 51). Each of these platforms is

briefly described below, and additional details, photo-

graphs, and schematic diagrams can be found in Part I.

This entire work—including manuscript source text,

source data, figures, and analysis scripts—is publicly

available (Kilcher et al. 2017).
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a. Tidal Turbulence Mooring

TheTidal TurbulenceMooring (TTM) system is a simple

mooring systemwith a strongback fin suspended between a

steel clump-weight anchor weighing 1200kg when dry

anda 0.93-m-diameter spherical steel buoywith a buoyancy

of 320kg. The ADV pressure cases were clamped to one

side of the strongback fin and the ADV sensor head was

positioned 10cm in front of the fin’s leading edge (Fig. 2).

The leading edge of the fin is fastened in-line with the

mooring line. This configuration was designed to work

like a weather vane, such that the drag on the fin held the

ADV head upstream of the mooring components. This

work utilizes data from two TTM deployments.

The first TTMdeployment was from 1730 local time (LT)

12 June 2012until 1430LT14 June2012.TwoNortekADVs

were clamped to either side of the fin so that the axis of their

cylindrical pressure cases were parallel with the leading edge

of the strongback. TheADV heads were spaced 0.5m apart

vertically along the fin. Only one of these ADVs was

equipped with an integrated IMU. This TTM also had an

upward-looking ADP mounted on the mooring anchor.

Periods of time during which this mooring interfered

with a beam of the ADP were identified by inspecting the

profiler’s acoustic amplitude signal. Periods during which

one beam of the profiler had .5% higher acoustic ampli-

tude than the other beamswere flagged as ‘‘contaminated’’

and excluded from averaging. Five-minute averages in

which more than 50% of the data were contaminated in

this way were masked as invalid.

The second TTM deployment was from 0600 LT

17 June 2014 to 0500 LT 19 June 2014. Two Nortek

ADV-IMUs were mounted on this TTM, with their

heads spaced 0.5m apart along the fin. In this case, the

pressure cases andADVheadswere inclined at an angle of

188 from normal to the leading edge of the fin to account

formooring blowdownduring strong currents (Fig. 3). This

change was made to reduce vibrational motion observed

during the June 2012 deployment that was believed to be

associatedwith the orientation of the pressure cases. There

was no ADP on the anchor of this TTM.

b. The StableMoor platform

The second deployment platform was a cylindrical

StableMoor syntactic foam buoy (manufacturer: Deep-

Water Buoyancy, Inc.) that was anchored to a clump

weight that weighed 1200kg (Fig. 4). The buoy is 3.5m

long and 0.45m in diameter with a tail ring that is 0.76m

in diameter. The StableMoor buoy (SMB) weighs 295kg

in air and has a buoyancy of 185 kg in water.

The SMB was deployed with an ADV-IMU mounted

at its nose from 1121 LT 12May to 1153 LT 13May 2015.

FIG. 2. Schematic diagram of the TTM (not to scale). A pop-up

buoy for anchor recovery is not shown, for simplicity.

FIG. 1. Bathymetry of Admiralty Inlet near Port Townsend

(Finlayson 2005). The red dot indicates the location of all mea-

surements. Positive u direction is the direction of ebb flow (thick

arrow originating from red dot), and positive y is away from Ad-

miralty Head (smaller arrow).
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The sample volume of the ADV is 10cm forward of the

nose and 20cm above the center line of the SMB (Fig. 4).

Based on Wyngaard et al.’s (1985) investigation of a sim-

ilarly shaped slender body, the velocity measurements

should have flow-distortion effects of less than 10%. The

SMB was equipped with a 1200-kHz Teledyne RD In-

struments (RDI) Workhorse Sentinel ADP that was ori-

ented downward looking to measure water velocity below

the platform in twelve 1-m bins and to measure platform

motion (‘‘bottom tracking’’), all at a 1-Hz sample rate.

The SMB has two primary advantages compared to

the TTM. First, it is significantly more massive and hy-

drodynamically stable than the TTM, which reduces the

frequency of motions of the platform (Part I). Second,

the SMB is capable of supporting a bottom-tracking

ADP, which provides an independent measure of the

platform’s translational motion. Disadvantages of the

SMB include its size, which adds to the challenge of

deployment and recovery, and its cost, which is signifi-

cantly higher than the TTM system.

c. Turbulence torpedo

The turbulence torpedo is a simple sounding weight

with anADV headmounted forward of the nose and the

ADV pressure case strapped below (Fig. 5). This plat-

formwas deployed on 14May 2015, for 37min starting at

0741 LT. This measurement was made from a davit that

hung the system from the side of the ship to a depth of

approximately 25m. The primary advantages of this

platform are its compact size, low cost, and flexibility to

perform spatial transects.

d. Coordinate system and turbulence averaging

Unless stated otherwise, vector quantities in this work

are in a fixed ‘‘principal axes’’ coordinate system that is

aligned with the bidirectional tidal flow: positive u is in

the direction of ebb (3108T), positive w is vertically

upward, and y is the cross-stream component in a right-

handed coordinate system (Fig. 1). The full velocity

vector, ~u5 (~u, ~y, ~w), is separated into mean and turbu-

lent components as ~u5 u1 u, where the overbar

denotes a 5-min average. Turbulence kinetic energy,

TKE5 u2 1 y2 1w2, and Reynolds stresses, uy, uw, yw,

are also estimated using a 5-min average. The horizontal

velocity magnitude is computed as U5 (u2 1 y2)1/2. The

friction velocity is estimated as u*5 (uw2 1 yw2)1/4; note

that this is taken at the height of the ADV measure-

ments and should therefore only be interpreted as a

proxy for the friction velocity at the bottom boundary.

All spectra, Sfxg( f )5 jF fx(t)gj2, and cross spectra,

Cfx, yg( f )5 realðF fx(t)gF fy(t)gÞ, are computed us-

ing NumPy fast Fourier transform routines (van der

Walt et al. 2011). Here,F fx(t)g denotes the fast Fourier
transform of a signal x(t) that has been linearly

FIG. 3. TTM components on the deck of the R/V Jack Robertson. The TTM includes two

ADVs, with pressure cases mounted on opposite sides of the fin. The anchor stack includes

a pop-up buoy for retrieval. The green arrow indicates the vector from the IMU to the ADV

head (face of the transmit transducer).
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FIG. 4. (top)AlexDeKlerk checks to ensure that the SMBbuoy is properly fastened to

its anchor; the RDI workhorse ADP can be seen in the rear instrument bay. A bridle is

draped across the top of the buoy for deployment and recovery, and a small marker buoy

fastened to the tail is useful during recovery. (bottom) Close-up of the SMB buoy with

theADVhead and the top of its pressure case. The green arrow indicates the vector from

the IMU to the ADV head.
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detrended and Hanning windowed to reduce spectral

reddening.

Throughout the remainder of this work, the dependence

ofS andCon f is implied (e.g.,Sfxg(f ) is hereinafterSfxg),
and for other variables the dependence on t is implied.

Spectra and cross spectra are normalized to preserve var-

iance, for example,
Ð
Sfugdf 5 u2 and

Ð
Cfu, ygdf 5 uy,

respectively. The notations Sfug5 (Sfug, Sfvg, Sfwg)
and Cfug5 (Cfu, yg, Cfu, wg, Cfy, wg) denote the set

of spectra and cross spectra for each velocity component

and pairs of components, respectively.

Turbulence dissipation rates are computed as

«5
1
�U
(ah(Sfug1 Sfyg1 Sfwg)f 5/3i

fIS
)3/2 , (1)

where a5 0:5 and h ifIS denote an average over the in-

ertial subrange of the velocity spectra and where the

signal-to-noise ratio is small (Lumley and Terray 1983;

Sreenivasan 1995). Throughout this work, we take this

average from 0.3 to 1Hz for the u and y components, and

0.3 to 3Hz for the w component.

3. Methodology

This work describes a method for correcting veloc-

ity measurements from a moving velocity sensor ~um

using independent measurements of that sensor’s mo-

tion ~uh to remove the motion from the velocity mea-

surements and thus estimate the ‘‘motion-corrected

velocity’’:

~u(t)5 ~u
m
(t)1 ~u

h
(t) . (2)

Note here that the plus sign (1) is correct because head

motion, ~uh, induces a measured velocity in the opposite

direction of the head motion itself (~um 5 ~u2 ~uh). This

approach has been used to successfully correct sonic ane-

mometer measurements of atmospheric turbulence (e.g.,

Edson et al. 1998;Miller et al. 2008). In the ocean, previous

works have utilized IMUs to quantify the motion of

multiscale profilers for the purpose of measuring the full

spectrum of oceanic shear (Winkel et al. 1996) and to

quantify the motion of thermistor sensors (Moum and

Nash 2009), but the Edson et al. (1998) approach has not

been documented for moored ADV measurements.

The MicroStrain IMU available in the Nortek Vector

ADV measures the linear acceleration a*(t), rotational

motion v*(t), and orientation matrix in the Earth refer-

ence frame, R(t), of the ADV at every time step of the

ADV’s sampling. The asterisk superscripts denote that

these vectors are measured in the ADV’s local coordinate

system. They can be rotated into the Earth frame using the

inverse of the orientation matrix: a(t)5 RT(t) � a*(t). The
motion of the ADV head is calculated from these signals

as the sum of rotational and translational motion,

~u
h
5 ~u

v
1 ~u

a
1 ~u

low

5RT � [v*(t)3 [*]1
ð
ia(t)h

fa

dt1 ~u
low

. (3)

Here, [* is the vector from the IMU to the ADV head

and the notation i � hfa indicates a high-pass filtering

FIG. 5. The turbulence platform showing details of the ADV head and pressure case con-

figuration. The green arrow indicates the vector from the IMU to the ADV head. The head

cable was taped out of the way beneath the sounding-weight tail fins shortly after this photo-

graph was taken.
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operation at frequency fa. The high-pass filter reduces

low-frequency noise in a—sometimes referred to as bias

drift—that is amplified by integration (Barshan and

Durrant-Whyte 1995; Bevly 2004; Gulmammadov

2009). Term ~ulow is the low-frequency translational

motion that is unresolved by ~ua, and it is discussed in

more detail below. To avoid double counting, ~ulow

should be estimated by applying the complementary

low-pass filter (i.e., at fa) to the independent measure-

ment of low-frequency motion. We use fourth-order

zero-phase (bidirectional) Hanning filters for all filtering

operations.

The noise levels of the IMU, nv and na, are computed

from ADV-IMU data collected while the instrument

was resting motionless on a table for several hours,

where, for this motionless dataset, the noise levels are

defined according to (3) with nv in place of ~uv and na in

place of ~ua.

For quantifying nv we assume that j[*j5 1, which is the

approximate length of the ADV head cable. Term Sfnvg
is equal in all three components, because the rotation-rate

sensor noise levels are independent of orientation (Fig. 6,

yellow). Term Sfnvg is several orders of magnitude lower

than the velocity spectra we measured (gray region), and

also more than an order of magnitude smaller than the

Doppler noise levels of the ADV. This indicates that the

precision of ~uv (i.e., the angular rate sensor) is adequate

for making corrections to ADV velocity measurements.

The IMU’s translational noise level Sfnag (Fig. 6,

black), on the other hand, is dominated by an f22 slope

that results from integrating the low-frequency noise

in a. The horizontal (u and y) spectra of these noise

levels are identical, and so we present only one of

them for simplicity (solid lines). The vertical spectra

noise levels are different because the signal-to-noise

ratio is larger (dashed black lines). High-pass filtering

reduces the low-frequency noise (blue and red) so that

it does not contaminate motion correction, but any

real motion that does exist at these frequencies is lost

(Egeland 2014; VanZwieten et al. 2015). This means

there is a residual low-frequency translational motion

~ulow that needs to be measured independently—or at

the very least considered—when using ADV-IMU data

from moving platforms.

For the SMB, the ADP bottom-track measured ~ulow

and this measurement agree with ~ua over a narrow fre-

quency band (see Part I, appendixA), indicating that the

ADP and IMU are resolving the same motion. When

this is the case, it is trivial to select a frequency in the

middle of the spectral overlap (in this case, we choose

fa 5 0:2Hz), and high-pass and low-pass filter ~ua and

~ulow, respectively, then sum to estimate the total

translational motion.

The position of the TTM ADV can be estimated,

relative to its anchor, by assuming the mooring acts

like a rigid pole and using the IMU orientationmatrix to

estimate the pole’s ‘‘lean.’’ The position obtained from

this model can then be differentiated to estimate ~ulow

(this model does not apply at high frequencies). Spectra

of ~ulow estimated using this approach for the June 2014

TTM deployment (Fig. 6, green) are plotted up to the

point where they cross their respective Sf~uag noise level
(black). Together, these two lines provide an ‘‘aggregate

noise level’’ of translational velocity estimates for the

TTM: the rigid pole estimate of ~ulow indicates the am-

plitude of unresolved motion at low f (green) and Sf~uag
indicates the limits of the IMU at high f (black). Co-

incidentally, Sfinah0:03Hzg (blue) is not a terrible ap-

proximation for this aggregate noise level. Furthermore,

because this aggregate noise level is smaller by at least

a factor of 4 than the velocity sprectra that we measured

(shaded region), the results of motion correction are

insensitive to whether we use the rigid pole model to

estimate ~ulow or we simply assume that ~ulow 5 0.

The choice of fa does influence the effectiveness of

motion correction (Fig. 7). When fa is too high (e.g.,

0.3Hz, red), the high-pass filter removes resolved motion

FIG. 6. The spectral noise levels of rotational velocity (Sfnvg,
yellow) and translational velocity (Sfnag, black) estimated from an

ADV-IMU resting motionless on a table. Solid and dashed lines

indicate the horizontal and vertical components, respectively, of

Sfnag and Sfulowg. The na signals are unfiltered (black) and high-

pass filtered at 0.03 (blue) and 0.3Hz (red); vertical dotted lines

indicate the filter frequency. Green lines are an estimate of ulow for

the TTM. Gray horizontal lines indicate the horizontal (solid) and

vertical (dashed) ADV noise levels. The shaded region indicates

the range of Sfug presented in the next section.
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from ~uh that could be used to correct velocity measure-

ments. In particular, notice that the amplitude of the

0.15-Hz peak—which is clearly the result of motion

contamination (gray line)—is reduced significantly when

we preservemore ~uh information by reducing the high-pass

filter frequency to fa 5 0:03Hz. Further reducing fa to

0.003Hz does not reduce the peak further, but it does in-

crease the amplitude of the spectra at low frequency. This

low-f increase is the IMU-accelerometer’s low-frequency

bias drift (Fig. 6) contaminating the velocity measurements.

Therefore, we conclude that fa 5 0:03Hz is a convenient

‘‘middle’’ frequency that reduces accelerometer bias drift

without destroying the resolved motion of the TTM. The

same fa 5 0:03-Hz filter was selected, based on a similar

analysis, for the turbulence torpedo.

Thus, we find that filter selection involves a trade-off

between filtering out the bias drift noise at low frequencies

while not filtering out measured motion at high frequencies.

In general, this will depend on the dynamics of the platform

used to support theADV, and the intensity of the turbulence

beingmeasured.When an independentmeasurement of ~ulow

is available, the cross coherencewith ~ua can indicate a region

of spectral overlap and fa can be selected at the midpoint.

Lacking a reliable estimate of ~ulow, the value of fa that pro-

duces the lowest TKE estimates is likely the best.

Additional details on motion correction—including a

detailed accounting of the distinct coordinate systems of

the IMU, ADV pressure case, and ADV head—can be

found in Kilcher et al. (2016). Open-source Python tools

for performing motion correction of ADV-IMU data—

including scripts that write processed data in MATLAB

and tabulated formats—are available online (at

http://lkilcher.github.io/dolfyn/).

4. Results

a. Mean velocity

Figure 8 shows a comparison of u measured by an

ADV-IMUmounted on the TTM to an upward-looking

FIG. 7. Motion-corrected velocity spectra Sfug for a range of high-
pass filter frequencies: fa 5 0:3Hz (thin red), 0.03Hz (blue), and

0.003Hz (thick black). The vertical dotted lines indicate the filter

frequency. The thick gray line is Sfuhg for fa 5 0.003Hz. The data are

from the June 2014 TTM deployment when 2:0, juj, 2:5m s21.

FIG. 8. Time series of tidal velocity in June 2012 at Admiralty

Head from ADV-IMUmeasurements (black), and an ADP on the

anchor (red). Note that the vertical scale on the three axes vary by

an order of magnitude; the small ticks in (a) and (b) are equivalent

to the ticks in (c).
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ADP on the anchor. The profiler measurements—taken

at the same depth as the ADV on the TTM—were con-

taminated by acoustic reflection from the strongback fin

when it was in-line with one of the profiler’s beams (see

section 2a). When those points (not shown in the figure)

are excluded, this comparison shows excellent agreement

between the ADV and ADP measurements of mean ve-

locity. The u, y, and w components have a root-mean-

square error of 0.05, 0.13, and 0.03ms21, respectively.

Although it is important to note that there is some

discrepancy between ADP- and ADV-measured ve-

locities (especially in y, which is most likely due to in-

complete motion correction), the agreement between

the magnitude and direction of these independent

velocity measurements indicates that mooredADV-IMUs

provide a reliable estimate of mean velocity in the Earth’s

reference frame.

b. TTM spectra

As discussed in detail in Part I, the mooring motion of

the TTM Sfuhg has a peak at 0.1–0.2Hz from swaying of

the mooring that is most likely driven by eddy shedding

from the spherical buoy (Fig. 9, red lines). There is also

higher-frequency broadband motion that is associated

with fluttering of the strongback fin around the mooring

line. These motions are especially energetic in Sfyg
because this is the direction in which the TTM is most

unstable. As is expected from fluid–structure interaction

FIG. 9. Turbulence spectra from the June 2014 TTM deployment. Each column is for a range of streamwise velocity magnitudes

(indicated at the top in meters per second). The rows are for each component of velocity (indicated at far right). The uncorrected spectra

are black, the corrected spectra are blue, and the spectra of ADVheadmotion is red (also indicated in the legend). The vertical red dotted

line indicates fa for estimating uh; below this frequency Sfuhg is plotted as a dashed line. Diagonal black dotted lines indicate an f25/3 slope.

The cyan line in the first and last rows indicates the semiempirical Kaimal spectrum for the measured values of u* andU. The number of

spectral ensembles N in each column is indicated in the top row.
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theory, the amplitude of these motions increases with

increasing mean velocity (Morison et al. 1950).

The mooring motion contaminates the uncorrected

ADV measurements of velocity Sfumg whenever the

amplitude of the motion is similar to or greater than the

amplitude of the turbulence. Fortunately, much of this

motion can be removed as detailed in section 3. At

high frequencies ( f . 0:3Hz) for each mean-flow

speed, Sfug is consistent with Kolmogorov’s (1941)

theory of isotropic turbulence: the spectra decay with

an f25/3 slope and have equal amplitude across the

velocity components. At lower frequencies, the spec-

tral ‘‘rolloff’’ shape is similar to that measured by

several others (e.g., Thomson et al. 2012; McMillan

et al. 2016). The degree of agreement between Kaimal

et al.’s (1972) semiempirical form (cyan) and Sfug is

similar to that of Walter et al. (2011). This suggests

that bottom boundary layer physics are contributing

to the turbulence at this site and depth.

For juj. 1.0m s21, motion correction improves Sfug
and Sfyg at frequencies as high as 3Hz. This indicates

that tight synchronization between theADVand IMU is

important and that implementing asynchronous ap-

proaches to motion correction may be challenging.

As successful as motion correction is, some motion

contamination is ‘‘persistent.’’ This is most notable

in Sfyg at the highest flow speeds (.2:0m s21): a peak

at 0.15Hz is an order of magnitude larger than the

anticipated spectral shape. This persistent motion

contamination is evident to a lesser degree in Sfug
for juj. 2m s21 and in Sfyg at lower flow speeds.

Term Sfwg appears to have no persistent motion

contamination because the amplitude of the motion

in this direction is much lower than the measured

spectra.

The amplitude of the persistent motion contamina-

tion peaks in Sfyg at 0.15Hz is a factor of 5–10 times

smaller than the amplitude of the ADV head motion

itself. This observation suggests that the MicroStrain

IMU can be used to effectively correct mooringmotion

at this frequency when the amplitude of that motion is

less than 5 times the amplitude of the real turbulence

spectrum. As a result, we have chosen a value of 3 as

a conservative estimate of the motion correction’s

effectiveness.

In addition to the primary benefit of correcting for

mooring motion, the IMU measurements can also be

used to identify and screen out persistent motion

contamination. For example, one of the most common

uses of turbulence spectra is for the calculation of «

and TKE. For these purposes, and based on the rela-

tive amplitudes of the 0.15-Hz peaks, we assume that

persistent motion contamination is likely where

Sfuhg/Sfug. 3 and thereby exclude these regions from

spectral fits.

In the present case, for u- and w-component spectra,

this criterion excludes only a narrow range of frequen-

cies at the 0.15-Hz motion peak for the largest flow

speeds. This criterion is more restrictive of y-component

spectra at high frequencies for U. 1:0m s21, but this

may be acceptable because the amplitude of Sfyg at

these frequencies—that is, in the isotropic inertial

subrange—should be equal to that of Sfug and Sfwg
(Kolmogorov 1941).

Agreement of Sfyg with that of Sfug and Sfwg at fre-

quencies . 0:3Hz indicates that motion correction is ef-

fective at those frequencies even when Sfuhg/Sfug* 3.

This outcome suggests that our screening threshold is

excessively conservative at those frequencies and that a

more precise screening threshold may be frequency

dependent. For example, it might take into account the

f22 character of the noise in Sfuag (Fig. 6). For the

purpose of this work, the Sfuhg/Sfug, 3 threshold for

spectral fits is sufficient, and detailed characterization

of the IMU’s motion- and frequency-dependent noise

level is left for future work.

c. StableMoor spectra

Spectra of SMB motion have broader peaks, with a

maximum amplitude that is approximately half the

frequency of the TTM spectral peak (0.06Hz; Fig. 10).

The motion of this platform also does not have

high-frequency ‘‘subpeaks’’ or other high-frequency

broadband excitation (Part I). These characteristics

are due to the more massive and hydrodynamically

streamlined properties of the SMB compared to

the TTM.

Like the TTM, the motion-corrected spectra from the

SMB are consistent with turbulence theory and previous

observations. A notable distinction from the TTM,

however, is that there are no obvious persistent motion

contamination peaks. That is, this measurement system

provides an accurate estimate of the turbulence spectra

at this location from low frequencies to more than

1Hz—well into the inertial subrange—for all three

components of velocity.

Note that this level of accuracy cannot be obtained

without the independent estimate of ulow (from the

bottom-trackingADP). If we assume that ulow 5 0, then a

similar plot to Fig. 10 (not shown) reveals persistent

motion-contamination peaks and troughs in Sfug and

Sfyg regardless of the choice of fa. This indicates that

the low-frequency translational motion of the SMB

that is important to motion correction is poorly re-

solved by the IMU’s accelerometer. In other words,

compared to the TTM, the SMB provides a more
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accurate measurement of turbulence when it includes

an independent measure of ulow, but it does no better—

and perhaps worse—when it does not.

d. Torpedo spectra

Terms Sfuhg and Sfyhg for the turbulence torpedo are
broadband and Sfwhgmotion has a narrow peak at 0.3Hz

(Fig. 11). Because uh is estimated using fa 5 0:03Hz and

assuming ulow 5 0, its spectra roll off quickly below fa.

Motion correction of the torpedo data appears to ef-

fectively remove a motion peak from Sfwg at 0.3Hz,

and corrects Sfyg between 0.04 and 0.6Hz. Term Sfug
is mostly unaffected by motion at these frequencies,

because the torpedo motion is smaller than the tur-

bulence in this direction. At frequencies below fa,

Sfug and Sfyg increase dramatically. This suggests

that unresolved low-frequency motion of the torpedo

is contaminating the velocity measurements at these

frequencies. It may be possible to correct for some of

this contamination using a measurement of the ship’s

motion as a proxy for the torpedo’s low-frequency

motion, but this has not been done. Still, above fa the

torpedo appears to provide a reliable estimate of

spectral amplitude in the inertial subrange and can

therefore be used to estimate «. Considering the

simplicity of the platform, it may be a useful option for

quantifying this turbulence statistic in a variety of

scenarios. If a GPS is positioned above it, it may be

capable of providing even more.

e. Cross spectra

Cross spectra indicate the correlation between dif-

ferent velocity components as a function of frequency,

and their integrals are the Reynolds stresses. Head

FIG. 10. Turbulence spectra from the SMB. The axes layout and annotations are identical to Fig. 9, except that Sfuhg is plotted as a solid

line at all frequencies because it is measured at all frequencies.
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motion cross spectra Cfuhg (Fig. 12, red) and un-

corrected velocity cross spectra Cfumg (black) from

TTM measurements have large peaks at the same fre-

quency (0.15Hz) as peaks in autospectra (Fig. 9). This

indicates that mooring motion contaminates the un-

corrected cross-spectral velocity measurements and that

Reynolds stress estimates based on uncorrected velocity

measurements will be contaminated bymooringmotion.

Fortunately, motion-corrected velocity cross spectra

Cfug (Fig. 12, blue) have reduced cross-spectral am-

plitudes at these frequencies. This indicates that motion

correction reduces motion contamination to produce

more reliable estimates of velocity cross spectra and

Reynolds stresses (Fig. 12). Notably, the low standard

deviation of fCfug (indicated by the blue shading)

compared to the mean values of fCfuhg and fCfumg—at

the frequencies of maximum motion—indicates that

even the individual values of Cfug are reduced at these

frequencies, compared to Cfumg, not just their mean.

These results indicate that motion-corrected TTM ve-

locity measurements can be used to estimate turbulence

Reynolds stresses. Without motion correction, Reynolds

stress estimates would be contaminated by the large

peaks in the cross spectra that are caused by the swaying

and fluttering motion of the TTM vane. Cross-spectra of

TTM data for other velocity ranges (i.e., ,2ms21), and

cross spectra from the SMB show similar results (not

FIG. 11. Turbulence spectra from the turbulence torpedo during

a 35-min periodwhen themean velocity was 1.3m s21. Annotations

and line colors are identical to Fig. 9.

FIG. 12. Variance-preserving cross spectra between components of

u (blue), uh (red), and um (black) from the June 2014 TTM de-

ployment: (top) fCfu, yg, (middle) fCfu, wg, and (bottom) fCfy, wg
(also indicated at right). Note that these cross spectra are between

components of a velocity vector (e.g., u), not between different vectors
(i.e., not between u and um). Term N is the number of spectral en-

sembles in this average, i.e., when 2, juj, 2:5m s21. The light blue

shading indicates one standard deviation of fCfug.
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shown). However, we note that because the SMB is less

stable in pitch than the TTM (see Part I for details), the

TTM provides more accurate estimates of uw.

To compare the cross spectra to other measure-

ments, we normalize them followingKaimal et al. (1972)

as Ĉfu, wg( f̂ )52Cfu, wgf+/u2

*, where f+ 5U/z and

f̂ 5 f /f+.When plotted on a log–log scale, Ĉfu, wg has an
f̂27/3 high-frequency spectral slope that is consistent with

other measurements (Fig. 13). At low frequency, the

cross spectra are more than 10 times smaller than the

semiempirical Kaimal form, but this discrepancy is

consistent with other measurements of cross spectra. In

particular, Walter et al. (2011) observed a half-decade

reduction from the Kaimal form near the seafloor, and

measurements from anADV positioned 4.6m above the

seafloor on a fixed tripod at a different site in Puget

Sound show a similar degree of deviation as observed

here (Thomson et al. 2012).

While one might be inclined to attribute the discrep-

ancy between these estimates and the Kaimal form to

normalization by local u*, the agreement between au-

tospectra and their Kaimal form suggests otherwise

(Fig. 9). Instead, we conclude that either the Kaimal

cross spectra do not apply universally at distances

far from the bottom boundary or the spectra are being

modified by physics other than bottom boundary

layer–driven turbulence. Either way, the agreement of

TTM-measured cross spectra with measurements from

stationary platforms is interpreted as an indication that this

platform can resolve cross spectra and Reynolds stresses.

5. Discussion

Ideally, moored motion-corrected turbulence velocity

measurements would be validated against simultaneous

independent validated measurements of turbulence ve-

locity at the same scales, time, and location. Accom-

plishing this, however, involves significant technical

challenges that are not easily overcome—most notably

the difficulty of measuring turbulence at the same point

as the moving ADV. A slightly less ideal but much more

realistic confirmation of the methodology might involve

comparing the statistics of moored turbulence mea-

surements to those from a nearby fixed platform, or a

fixed platform placed at the same location at a different

time (e.g., the ‘‘tripod’’ platform described in Thomson

et al. 2012). Unfortunately, to our knowledge these

measurements have not yet been made.

The previous section showed that the shape of the tur-

bulence velocity spectra frommooredADVs is consistent

with Kolmogorov’s theory of locally isotropic turbulence,

which has been observed consistently in turbulence

measurements for decades (Kolmogorov 1941; Grant

et al. 1962;McMillan et al. 2016). This is interpreted as the

first indication that the measurement systems presented

are capable of accurately resolving turbulence. The de-

gree to which uncorrected spectra were corrected toward

this theoretical and observationally confirmed shape is

interpreted as a measure of the improvement of the

spectral estimates bymotion correction. This section takes

that reasoning one step further to demonstrate that

motion-corrected velocity measurements can produce

estimates of turbulence statistics that are consistent with

the physical processes that can be reasonably assumed to

dominate the measurement site.

Figure 14 presents a time series of the mean velocity

(Fig. 14a) and several turbulence statistics that were

measured during the June 2014 TTM deployment. This

figure shows the evolution of the flow through Admiralty

Inlet during 1.5 tidal cycles. The TKE (Fig. 14b), Reynolds

stresses (Fig. 14c), dissipation, and one component of

turbulence production (Fig. 14d) growand strengthenwith

ebb or flood and then subside during slack tide. This

component of turbulence production is calculated using

P
uz
5 uw

›u

›z
, (4)

where ›u/›z is computed from the two ADVs on the

TTM. The highest values of « and Puz occur at the peak

of the ebb or flood, which is in agreement with other

FIG. 13. Nondimensional cross spectra of motion corrected ve-

locity Ĉfu, wg on a log–log scale. The average over Df̂ 5 0:04 bins

is shown in blue, and single points are gray (negative values not

shown). The semiempirical Kaimal et al. (1972) form is shown as

a thick black line, and the red dashed line indicates an f̂27/3 slope.

Cross-spectral estimates from measurements from a fixed tripod

are in purple.
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measurements in tidal channels. The agreement of the

magnitude of Puz with « at those times suggests a local

production–dissipation balance that is often observed in

tidally forced channels (Trowbridge et al. 1999; Stacey

et al. 1999b; McMillan et al. 2016). At other times, the

value of Puz is insufficient to balance « or is negative.

Inspection of the negative Puz values reveals that most

of them are caused by a reversed sign of uw rather than a

reversed sign of ›u/›z (i.e., when compared to the sign

of u). This finding suggests that uncertainty in uw may be

contributing to discrepancies between Puz and «. Fur-

thermore, considering the complex nature of the ba-

thymetry and shoreline at this site (i.e., the headland), it is

not surprising that Puz does not perfectly balance «. Other

terms of the TKEequation are likely to be important, such

as turbulence advection, other components of production,

and turbulent transport. The fact thatPuz and « are in near

balance as often as they are indicates that bottom

boundary layer physics are important to the turbulence

dynamics at this site.

Given the assumptions implicit in this comparison and

the discussion above, agreement between Puz and

«—especially for the highest values of «—suggests the

turbulent boundary layer reaches the depth of these

measurements (10m) during the highest flow speeds

(Fig. 15). This result is further supported by a comparison

of U with « (Fig. 16). Here we see a «}U3 dependence

that is again suggestive of bottom boundary layer physics

(Trowbridge 1992; Nash et al. 2009). At lower flow

speeds, « deviates from this relationship, which suggests

that the boundary layer is no longer the dominant phys-

ical process at the depth of these measurements.

There are two intriguing differences between the ebb

and flood datasets: 1) the drag coefficient relating « toU3

FIG. 14. (a) Time series of mean velocities, (b) turbulence energy and its components, (c) Reynolds stresses, and

(d) turbulence dissipation rate measured by the TTM during the June 2014 deployment. Shading indicates periods

of ebb (u. 1:0m s21, gray) and flood (u,21:0m s21, lighter gray).

1262 JOURNAL OF ATMOSPHER IC AND OCEAN IC TECHNOLOGY VOLUME 34

D
ow

nloaded from
 http://journals.am

etsoc.org/jtech/article-pdf/34/6/1249/3396999/jtech-d-16-0213_1.pdf by BATTELLE PAC
IFIC

 N
W

 LAB user on 31 August 2020



is larger for ebbs and 2) the fit does not hold as well for

low flow speeds (Fig. 16). These details are not surpris-

ing considering the complex bathymetry at the test site

(Fig. 1). In particular, the flow immediately upstream of

the measurement site is exposed to much more bathy-

metric curvature—that is, from the headland—during

ebb (when u is .0) than the during flood (u, 0). Based

on this, one might expect flow separation (turbulence ad-

vection), turbulence production, or turbulence transport

emanating from the headland to have a stronger impact on

the flow at this site during ebb than flood. These effects

are a likely contributor to the distinct relationships ob-

served in Fig. 16.

The hypothesis that the headland is a key contribu-

tor to the turbulence dynamics at this site suggests

that terms such as cross-stream turbulence advec-

tion y›TKE/›y, the lateral turbulent transport terms

›uiuiy/›y, or lateral shear production uy›u/›y may

contribute significantly to the dynamics of turbulence

at this site. While we did not measure stratification

profiles during thesemeasurements, we do not typically

expect buoyancy flux to play a dominant role because

this region tends to be tidally well mixed (Geyer and

Cannon 1982). In summary, bottom boundary layer

physics seems to be the dominant process at the mea-

surement site, with lateral advection, lateral trans-

port, and lateral production of TKE also potentially

contributing—especially during ebb. A more detailed

analysis of the turbulence and momentum dynamics of

this headland is left for future work [e.g., similar to

Warner et al. (2013)].

6. Conclusions

This work presents a methodology for measuring

turbulence from moored ADV-IMUs and demonstrates

that motion correction reduces mooring motion con-

tamination. A comparison of spectra of ADV head

motion Sfuhg to that of motion-corrected Sfug and

uncorrected spectra Sfumg reveals that motion correc-

tion improves spectral estimates of moored ADV

FIG. 15. TermPuz vs « during the June 2014 TTMdeployment for

values of juj. 1m s21. Values of negative production are indicated

as open circles.

FIG. 16. A log–log plot of « vs U for the June 2014 TTM (diamonds) and May 2015 SMB (dots) deployments,

during (left) ebb and (right) flood. Black points are 5-min averages.Green dots aremean values within speed bins of

0.2m s21 width that have at least 10 points (50min of data); their vertical bars are 95% bootstrap confidence

intervals. The blue line shows aU3 slope, wherein the proportionality constant (blue box) is calculated by taking the

log-space mean of «/U3.
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measurements. In particular, we found that motion-

corrected spectra have spectral shapes that are similar

to previous measurements of tidal-channel turbulence

and have f25/3 spectral slopes at high frequencies. This

finding suggests that the motion-corrected spectra re-

solve the inertial subrange predicted by Kolmogorov’s

theory of locally isotropic turbulence.

Motion correction reduces motion contamination for

all platforms we presented, but it does not necessarily

remove it completely. This outcome seems to depend on

the relative amplitude of platformmotion compared to the

underlying turbulence being measured. The most notable

example of this is from TTM Sfyg, which have large-

amplitude ‘‘swaying’’ peaks at 0.15Hz that interrupt the

frequently observed rolloff between the low-frequency

‘‘energy-containing scales’’ and the f25/3 inertial subrange.

The possibility of persistent motion contamination

requires that motion-corrected turbulence measure-

ments from moored ADV-IMUs be interpreted with

care. An inspection of spectra presented here suggests

that excluding spectral regions where Sfuhg/Sfug. 3

removes persistent motion contamination peaks while

still preserving spectral regions wheremotion correction

is effective. Using this criteria, it is then possible to

produce spectral fits that exclude persistent motion

contamination and to provide reliable estimates of tur-

bulence quantities of interest (e.g., « and TKE).

We have also shown that motion correction reduces

motion contamination in cross spectra. This finding is

important because it suggests that moored ADV-IMU

measurements may be used to produce reliable esti-

mates of Reynolds stresses. We utilized these stress es-

timates and vertical shear estimates, both from the

TTM, to estimate Puz.

Finally, we have shown that « estimates based on

motion-corrected spectra scale with U3 and balance Puz

estimates during peak ebb and flood. Together, these

results indicate that bottom boundary layer physics are a

dominant process at this site, and that the boundary

layer reaches the height of the ADV-IMUs (10m) dur-

ing ebb and flood. The degree of agreement betweenPuz

and « also serves as an indicator of the self-consistency

of moored ADV-IMU turbulence measurements.
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