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Energetics of a naturally occurring shear instability 
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Abstract. Using observations of an energetic shear instability (Seim and Gregg, 1994), we 
examine the energy budget of the mixing event by comparing microstructure measurements 
of the dissipation rates of turbulent kinetic energy e and turbulent potential energy Xpe 
with changes in fine-scale velocity and density. Two sets of observations are used. The first 
set sampled the shear instability early in its evolution, when overturns occurred in strong 
stratification. The second set of observations found the same water vertically homogenized 
by turbulent mixing. In a frame of reference moving with the billows we solve a set of time- 
dependent energy equations to estimate the buoyancy flux Jb, turbulent production P, and 
strength of nonlocal forcing in the mean kinetic and mean potential energy budgets. The 
turbulent energy equations are approximately steady when evaluated for several buoyancy 
periods, simplifying to local balances. We find Jb • Xpe/2 • -5.5 x 10 -7 W kg -1 and 
P • e- Jb • 2.4 x 10 -6 W kg -1 to within a factor of 2. The decrease in mean kinetic 
energy is approximately locally balanced by P, but unlike the kinetic energy, only 25% of 
the increase in mean potential energy is explained by Jb. This implies no net radiation of 
energy into the surrounding stratified fluid, but the large uncertainties in Jb and P make 
this result tenuous. We find the flux Richardson, Rf • J•/P • 0.22 •-0.1; that is, one 
quarter of the turbulent energy released by the instability goes toward increasing the mean 
potential energy of the water column. The billows generated an average momentum flux 
of 0.22 Pa for more than an hour, and peak values exceeded 1.5 Pa. The average value is 
comparable to maximum momentum flux values in boundary layers over ice and under ice. 

1. Introduction 

This article continues the analysis of a high Reynolds 
number shear instability in a stratified flow. Seim and 
Gregg [1994], hereinafter referred to as part l, is a de- 
tailed presentation of the observations; this paper exam- 
ines the energetics in a control volume containing the 
instability event. We compare changes in the kinetic 
energy and potential energy to the dissipation rates of 
turbulent kinetic energy and turbulent potential energy 
within a control volume and estimate how much energy 
is radiated by the mixing event. The impact of the in- 
stability on the large-scale fields is quantified, and the 
efficiency of the resultant turbulent mixing is estimated. 
We also examine conditions at the onset of instability. 

The formulation of an energy budget of the baroclinic 
flow for both the mean and turbulent components of the 
flow is new. Though equations describing the kinetic en- 
ergy balance can be found in standard texts, e.g., Monin 
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and Yaglom [1971], there are no similar formulations for 
the potential energy balance. This is apparently due to 
the difficulty of defining mean potential energy for an 
arbitrary fluid volume; in general, it can only be ex- 
pressed in integral form. To avoid this problem, we 
decompose the potential energy into background and 
available components using a sorting algorithm origi- 
nally proposed by Thorpe [1977]. A formalism for using 
sorting in three dimensions to decompose the potential 
energy has recently been advanced by Winters et al. 
[1995]. The sorting adiabatically redistributes all the 
fluid parcels in a volume into a one-dimensional mono- 
tonically increasing function. The sorting index z. spec- 
ifies the reference position of a fluid parcel in a state of 
minimum gravitational potential energy achievable with 
the collection of fluid parcels. This decomposition has 
the great advantage of isolating changes in potential en- 
ergy due to diabatic processes: in a closed system the 
background (sorted) state only changes through a di- 
vergence of the diapycnal flux. This attribute makes 
the decomposition ideal for mixing-process studies. 

We are unaware of any other microstructure studies 
that have obtained repeated observations of a specific 
mixing event. These data present an opportunity to 
test whether a local balance of production and dissi- 
pation, assumed in nearly all parameterization schemes 
[Gregg, 1987], is appropriate in a natural setting. They 
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also provide an opportunity to examine whether shear 
instabilities in a stratified fluid radiate internal waves 

during their decay, as suggested by Fritts [1979, 1984]. 
Though this single event lacks the statistical signifi- 
cance of laboratory studies, we feel the uniqueness of 
the observations warrants a detailed analysis. 

Because we cannot be certain of the exact form of 

evolution of the shear instability, which we call billows, 
we adopt a coordinate system moving with the billows 
to evaluate the energetics. In this coordinate system, 
changes in energy are correctly measured for billows 
growing in time, in space, or a mixture of both. The 
reference frame is Lagrangian because it minimizes the 
importance of advection, but errors in tracking the bil- 
lows in the accelerating flow make our actual coordinate 
system quasi-Lagrangian. Further, by choosing verti- 
cal bounds of the control volume that support minimal 
vertical fluxes, we make the energy balance as local as 
possible. 

We first describe how, when, and where the event 
was observed, explain the billows-following coordinate 
system, and outline the procedure used to pair profiles 
for comparison. The energy balance equations are then 
developed in section 3. The measured components of 
the energy balance are presented in section 4, along 
with an interpretation of their trends. We solve the 
balance equations to estimate buoyancy flux, turbulent 
production, and energy radiated/adsorbed by the event 
in section 5. The results and implications of the study 
are summarized in section 6. 

2. Background 

2.1. Instrumentation 

Data used in this study were collected with a 153-kHz 
acoustic Doppler current profiler (ADCP) and with the 
advanced microstructure profiler (AMP). The ADCP 
continuously measures the vertical profile of horizontal 
currents, collecting profiles at approximately 2 Hz. Wa- 
ter velocities are measured along four acoustic beams 
(in a Janus configuration) which are then transformed 
into geographic coordinates, yielding estimates of east 
u, north v, and vertical w velocity. The sampling vol- 
ume of the ADCP is determined by the beam separa- 
tion. The horizontal separation is 35 m at 0.3 MPa 
(1 MPa • 100 m) and increases to 75 m at 0.65 MPa. 
Averaging is required because the instantaneous mea- 
surements are quite noisy. Averaging over 2 min in 
time and over 4 m in the vertical reduces the rms er- 

ror to :kl.4 cm s -1. With an average ship speed of 
0.5 m s -1 relative to the billows, 2-min averages corre- 
spond to 60-m horizontal spatial averages, roughly the 
billow wavelength of 70 m. Owing to poor navigation 
and no bottom tracking, we lack absolute velocities and 
therefore estimate the barotropic current using a tidal 
model (part 1). 

AMP is a loosely tethered, free-falling profiler which 
carries sensors to measure temperature, conductivity, 

pressure, microscale temperature, and horizontal veloc- 
ity. Our standard processing produces temperature T, 
salinity $, and density p profiles with 0.1-m resolution, 
and profiles of the dissipation rates of turbulent kinetic 
energy e and temperature variance X with 0.5-m reso- 
lution. Details of how we form derived quantities from 
the AMP profiles are given in part 1. 

2.2. Setting 

In March 1988 we began a survey cruise of the Puget 
Sound, Washington, system, which was intended to 
identify where and when turbulent mixing was most 
intense. Our first samples were collected in Admiralty 
Inlet, the 30-km long, 70-m deep tidal channel that con- 
nects Puget Sound to the inner Strait of Juan de Fuca. 
On average, there is a strong exchange flow through 
Admiralty Inlet, fresh water from river runoff flowing 
seaward, and more saline water from the strait moving 
landward into the sound. 

As ebb tide began on March 23, we were working off 
Bush Point near the midpoint of Admiralty Inlet. In the 
inlet, Bush Point forms a pronounced lateral constric- 
tion which acts as an internal hydraulic control during 
parts of the tidal cycle (part 1). While steaming with 
the current, we ran through a kilometer-long set of bil- 
lows, centered at 0.5 MPa, just downstream (north) of 
Bush Point. After reversing course, we roughly held po- 
sition and the current advected the same set of billows 

by us. This allowed us to collect two sets of measure- 
ments within an active set of billows separated in time 
by several buoyancy periods. 

The formation of the billows is tied to the channel ge- 
ometry (part 1). Using a high-frequency echo sounder, 
we imaged the initial development of the billows. They 
were found only downstream of Bush Point, and changes 
in the outer scales of the billows were consistent with a 

spatially growing disturbance initiated just downstream 
of the constriction. The flow was in transition from in- 

ternally subcritical flow throughout to controlled flow 
(i.e., transcritical) as the billows formed, and the in- 
terface movement associated with the transition pro- 
duced a longitudinal density structure within the set of 
billows. This longitudinal density structure made the 
formation of the billows time-dependent and precludes 
interpreting the event as a spatially steady process. 

Persistent turbulent flow is characteristic of the area 

where the data were collected; the tidal channel is 
rugged and deep, with a 0.5 m s -1 baroclinic exchange 
flow and tidal currents exceeding 1 m s -1. Combined, 
these flows generate many instabilities and result in an 
average e of 5.9x 10 -7 W kg -1 between 0.1 and 0.9 MPa 
for 49 profiles collected near Bush Point during this 
tidal cycle. This is 500 times typical values of e in the 
ocean thermocline. 

2.3. Billows-Following Coordinate System 

From the ADCP data we know the ship's velocity 
relative to 0.5 MPa, the pressure at which the bil- 
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lows were centered. All our observations fell within a 

600 m x 2200 m rectangle moving downstream (south 
to north) at the average speed of the flow at 0.5 MPa. 
Figure 1 is a cartoon of the position of the box rela- 
tive to the lateral constriction as a function of time, 
showing where microstructure profiles were collected 
within the box. Because billows have roughly zero phase 
velocity and are advected by the mean flow [Ho and 
Huewe, 1984], a coordinate system relative to 0.5 MPa 
follows the average motion of the billows. Repeated 
measurements at a given point in this coordinate sys- 
tem can be used to estimate the total derivative (where 
D/Dr • O/Or + VO/Oy). The shading in Figure 1 shows 
when and where active billows are found within the 

box; AMP drops 5854-5866 sample active billows in the 
downstream (northern) half of the box. (Only the last 
two digits of the drop numbers are used in the figures 
and will be used subsequently.) 

The alongstream density structure within the billows 

is apparent in a series of density profiles collected on the 
downstream and upsteam passes (Figure 2). The inter- 
face is higher at the south end of the set, causing density 
at a given depth to increase to the south. The longitudi- 
nal density structure is associated with the transition to 
hydraulically controlled flow at Bush Point, the upper 
layer thinning as it becomes supercritical. The profiles 
in Figure 2b, collected several kilometers downstream 
from those in Figure 2a, demonstrate that the density 
structure persists well downstream of the control. 

The vertical bounds of the control volume (the box 
in Figure 1) are chosen to coincide with minimal turbu- 
lent activity to minimize the importance of turbulent 
fluxes across the surface of the control volume. The 
vertical extent of the billows is obvious in the aver- 

age profiles of the root-mean-square displacement Lrms 
[Thorpe, 1977] and buoyancy scale Lb ---- (e/N3) 1/2 (Fig- 
ure 3). The billows are about 20 m tall, extending 
from 0.4 to 0.6 MPa. Because Admiralty Inlet is al- 
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Figure 1. A distance-time diagram, showing the position of the sampling volume and specific 
profiles, relative to the lateral constriction. The control volume, which is 600 m by 2200 m, 
moves steadily downstream (north) along a diagonal in the diagram. The position of the box is 
shown approximately every 12 min. The point where billows form, slightly downstream of the 
constriction, is shown by shading within the sampling volume. Solid circles are the positions 
of advanced microstructure profiler (AMP) profiles within the control volume; only the last two 
digits of the profile numbers are used, i.e., 50 is AMP 5850. 
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Figure 2. A series of density profiles collected in the 
set of billows on (a) the downstream leg, soon after the 
billows form, and (b) the upstream leg, several buoy- 
ancy periods later. Numbering indicates the AMP pro- 
files plotted. The profiles are ordered by position in 
the billows-following reference frame, so that the large- 
scale density structure can be compared. The profiles 
are offset by 0.4 ½½ except for 62-64, which are offset 
by 0.8 ½½. In both sets the interface rises from north 
to south, in response to the establishment of the hy- 
draulic control at Bush Point. The change in vertical 
structure between Figures 2& and 2b reflects the action 
of the billows, which form a mixed l•yer at the depth of 
the interface. 

ways at least weakly turbulent, neither Lb nor Lrms is 
ever zero. Nevertheless, the shear instability event is 
5-10 times the background and is nicely bounded at 
0.3 and 0.65 MPa, pressures where background turbu- 
lence and overturning axe minimal. We will assume this 
choice of vertical boundaries justifies neglecting the ver- 
tical advection of turbulent energy at a specific horizon- 
tal position in the billows-following coordinate system. 
However, we cannot assume a local balance of the mean 
energy quantities because we have not used isopycnals 
or streamlines to define the vertical boundaries. 

We initially performed the energetics analysis for an 
isopycnal-bounded control volume, selecting isopycnals 
where turbulent activity was at a minimum. Isopycnals 
are appealing bounds because advective fluxes across 
them are negligible; if they are also minima in average 
turbulent activity, then diapycnal fluxes are negligible 
as well. However, both the thickness and vertically av- 
eraged density varied significantly and systematically 
within the isopycnal-bounded sampling volume. This 
variability is important for two reasons. First, esti- 
mates of potential energy are very sensitive to the layer 
thickness, even in three-dimensional numerical simula- 
tions where the full density field is known (K. B. Win- 
ters, personal communication, 1993). When considered 

as a spatial series, our profile-based estimates of po- 
tential energy reflect principally the thickness change, 
showing no obvious signal due to mixing. Second, these 
changes must result from horizontal divergences or non- 
local forces (pressure-work terms). We therefore cannot 
assume a local mean energy balance, even when isopyc- 
nal bounds are used. We present our findings for a 
pressure-bounded layer because (1) the final results are 
very similar using either isopycnal or pressure bounds, 
(2) the interpretation of the observations as an Eule- 
rian spatial series is much more straightforward when 
pressure bounds are used, and (3) a local balance of 
mean energy could not be justified using either vertical 
or isopycnal bounds. 

2.4. Profile Groupings 

Figure 4a shows the ship track within the control vol- 
ume for drops 53-66. The coordinates within the box 
are aligned with the geographic coordinates, y positive 
to the north, x positive to the east. For I < y < 1.7 km 
there are two sets of four profiles, AMPs 53-56 and 
AMPs 63-66, collected roughly an hour apart, which 
sample similar positions within the box. 

Changes in the vertically averaged density within the 
sampling volume (Figure 4b) provide'additional evi- 
dence that Figure 4a is a billows-following coordinate 
system. We define pp for each AMP profile as the verti- 
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Figure 3. Average profiles of root-mean-square dis- 
placement Lrms, buoyancy scale Lb, and density cr 0 us- 
ing AMPs 54-66. The broad maximum between 0.4 
and 0.6 MPa is the signature of the shear instability. 
We examine the energetics of the fluid between 0.3 and 
0.65 MPa. We choose these bounds owing to minima in 
overturning scales at these depths, justifying neglect of 
vertical transport terms in the turbulent energy balance 
equations. 
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Figure 4. (a) Downstream (53-60) and upstream (61- 
66) ship tracks within the sample volume, when drops 
sampled active billows. Circles are x, y positions of 
AMP profiles, labeled with drop numbers. Dashed lines 
mark locations where conditions are compared. (b) 
Vertically averaged density pp versus y position in the 
Lagrangian coordinate system showing the similarity 
in average density as a function of y between passes. 
Times when the profiles were collected are in UTC. 

cally averaged density between 0.3 and 0.65 MPa. De- 
creasing pp with increasing y is seen in both passes 
through the sampling volume. No systematic cross- 
channel (x) variations in pp are apparent between the 
two passes. We therefore match profiles from the two 
passes by downstream (y) distance. 

Because only one pair of profiles was taken at the 
same y (Figure 4a), we match a profile from one pass 
with a pair of profiles from the other pass that bound 
the same y position. The seven downstream locations 
chosen are shown on Figure 4a by vertical dashed lines; 
the drop numbers and average time between the samples 
are given in Table 1. From the average density profile 
(Figure 3) the buoyancy frequency is N • 0.01 tad s -1. 
Using this value of N, the time difference between pro- 
files is NAt/27r - 3.5- 8.1 buoyancy periods. The 
weighted average time (e.g., timeavg- 0.5(time5866 + 
0.5 X time5853 + 0.5 x time5854)) at which each set of 
profiles was collected is the same. However, because 
billows developed first at the north end of the sample 
volume, groupings from larger y sampled the billows 
at a later stage of their evolution than those groupings 
from smaller y. 

Figure 5 shows some of the grouped density and ve- 
locity profiles from Table 1. Both the instantaneous 
and sorted density profiles (see section 3.1) are shown, 
and underlines mark the beginning profile in a group. 
The decrease in density at 0.5 MPa moving to larger 
y is obvious. As expected, the earlier profile displays 
large density and velocity gradients near 0.5 MPa, and 

Table 1. Profile Groupings Used in the 
Energetics Analysis 

Primary Drop y, At, 
Drop Pair m s 

66 53, 54 1138 4992 
54 65, 66 1248 4498 
65 54, 55 1358 4009 
55 64, 65 1470 3389 
64 55, 56 1475 3360 
63 55, 56 1544 2815 
56 62, 63 1599 2641 
57 62, 63 1773 2168 

Variables are y, downstream position, and At, 
the time interval between collection of the pri- 
mary drop and the drop pair. 
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Figure 5. Three of the profile groupings used in the en- 
ergetics analysis, with the profile collected on the down- 
stream leg underlined. (a) Unsorted salinity, (b) sorted 
salinity, and (c) velocity profiles; y is the downstream 
position in the Lagrangian coordinate system. The pro- 
files at 1248 and 1599 m show the three profiles used 
in typical groupings; the profiles from 1470 m are the 
two profiles that did not require interpolation. Earlier 
profiles have strong salinity and velocity gradients near 
0.5 MPa that are much weaker in the later profiles. 

the later profiles show either a thick well-mixed region 
or a much weaker and thicker gradient region. This 
qualitative picture of the impact of the shear instability 
on the mean fields is as expected from laboratory and 
numerical studies. 
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3. Balance Equations 

The energy balance of the baroclinic flow in an incom- 
pressible, stratified control volume V (in watts per kilo- 
gram) is described by [after Monin and Yaglom, 1971; 
Gregg, 1987; Winters et al., 1995] 

OKE - -X7. Jk - P (1) 

d 

and 

O TKE- P- < e > 
Ot (2) 

1/ poC g•7. hdC q- p--• gnz, •72pdV 
(3) 

d 

d-• Es 1 /vgpwdV-hd poV 

- Jb 

1 

( p-• / gzp•. hdC + •c) (4) 
where 

TKE -< 0.5(u '2 + v '2 + w '2) >=< 0.5(q 2) > (5) 

and 

P --< -u,w'(au/az) - v,w,(av/az) > (6) 

p ½ - (7) 

<>-- F (8) 
Here KE is the mean kinetic energy, defined below; 

TKE is the turbulent kinetic energy; Eb is the back- 
ground potential energy; Es is the available potential 
energy; P is turbulent production, coupling (1) and (2); 
and J• is the buoyancy flux, coupling (2) and (4). Tur- 
bulent velocity fluctuations are denoted with primes; q 
is the turbulent velocity scale; z, is a sorting index (see 
section 1); P0 is a reference density; n is the diffusivity 
of mass; C is the volume surface; and g is gravitational 
acceleration. The divergence of the energy-flux density 
vector in (1), •7 ß Jk, accounts for unresolved energy- 
flux divergences, due to advection of KE or pressure 
work (diffusion is assumed negligible). This divergence 
can be a dominant term in the equation if nonlocal pro- 
cesses are important to the dynamics. In (1) we make 
the standard assumptions that the viscous dissipation 
by the mean currents and the buoyancy flux due to the 
mean currents are negligible, and in (2) we assume a 
local, time-dependent balance. 

Equations (1) and (2) are standard forms for the ki- 
netic energy balance equations assuming a Reynolds de- 
composition. Equations (3) and (4) are balance equa- 
tions for potential energy suggested by Winters et al. 

[1995] which rely on a three-dimensional sorting of the 
density field to define the components of the potential 
energy. This decomposition clearly identifies Eb as the 
only component that changes due to diabatic processes. 
K. B. Winters and E. A. D'Asaro (Diapycnal fluxes in 
density-stratified flows, submitted to Journal of Fluid 
Mechanics, 1994) have shown that (I)d, the conversion 
of Ea to Eb, is equal to the volume-integrated value of 
0.5 Xpe, the rate of dissipation of potential energy fluc- 
tuations. (The scaling factor of 0.5 arises solely from 
our definition of X [see $eim and Gregg, 1994, equa- 
tion (lb)]. Historically, X has been defined as 2 times 
the integrated thermal gradient variance, though def- 
initions vary.) Further, (3) demonstrates that (I)d is 
always directly related to the change in Eb, whereas (4) 
shows that the buoyancy flux is only indirectly related 
to changes in Eb. Only when Ea is steady does the 
buoyancy flux equal (I)d. 

The term (I)c in (3) is the net advective flux of back- 
ground potential energy into the control volume. There 
is an analogous term in (4) for the flux of available po- 
tential energy. The inclusion of these terms generalizes 
the theory to account for open systems. 

Unfortunately, there is no way to estimate the terms 
in (3) and (4) with the one-dimensional profiles we col- 
lected. Instead, we use approximate forms of the equa- 
tions (in watts per kilogram) based on one-dimensional 
data: 

0 

o-•BPE - -X7. Jp + 0.5Xp e (9) 

- -0.5 x Xpe- Jb (10) 
where 

APEF ----< 0.5[g/(pN)]2p '2 > (11) 

Zpe -------< (gc•/N)2(1 + 1/Rp2)Z > (12) 
Here BPE is a one-dimensional estimator of the 

background potential energy, defined below; APEF is 
the available potential energy of fluctuations; Xpe i$ an 
estimator of (•d; c• is the thermal expansion coefficient; 
Rp =- c•(OT/Oz)//•(OS/Oz) • -0.05 is the stability ra- 
tio; and /• is the haline contraction coefficient. The 
term •7. Jp is an energy flux divergence that repre- 
sents the advective flux divergence and buoyancy flux 
due to mean (nonturbulent) motions. As with (1), this 
term may be large if there is a net transport of poten- 
tial energy into or out of the control volume. A local, 
time-dependent balance is assumed in (10). 

Together, (1), (2), (9), and (10) form a set of con- 
sistent relations that describe the energy budget; that 
is, when summed, they show that energy changes of 
the baroclinic flow are due to either flux divergence 
or viscous dissipation. These equations describe the 
energy balance during an instability. Energy accumu- 
lates in the volume by flux convergence until the KE 
exceeds the work needed to overturn the density field. 
Energy is then lost to turbulent production, with P be- 
ing the source term for (2); energy is then either stored 
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as TKE, dissipated via e, or converted to available po- 
tential energy through Jb. Finally, APEF may be con- 
verted to B PE through Xpe. We will use our observa- 
tions to estimate the magnitude of the various terms. 

We have intentionally left out the energy components 
of the depth-averaged flow in our development; that is, 
we do not address the energy budget of the barotropic 
flow. We assume that the kinetic energy due to the ver- 
tically averaged flow KE and potential energy due to 
the vertically averaged density PE do not directly act 
as sources or sinks for the shear instability and there- 
fore exclude them from the energy balance. Though the 
variations in these components are important to under- 
standing the forcing and structure of the billows, our 
observations are inadequate to address the energetics 
of the barotropic flow. In particular, we do not have a 
measure of the free-surface gradient that is typically a 
dominant term in the barotropic energy budget. To ex- 
amine the forcing of the instability, we define the total 
(barotropic + baroclinic) energy (minus the free-surface 
gradient) as 

TE -- KE + KE + PE + BPE (13) 

but when analyzing the energetics of the billows, we 
consider only the mean energy of the baroclinic flow, 
KE and BPE. 

Our definition of the mean and turbulent velocity 
components in this study is set by the structure of the 
flow. We use the ADCP profiles for the mean veloc- 
ity. These data resolve vertical scales greater than 12 m 
and are horizontally averaged over approximately 60 m, 
roughly a wavelength of the instability. Because they 
are averaged for only 2 min in time, they include tidal 
and internal-wave contributions with scales larger than 
60 m, as well as the time-mean, baroclinic currents. 
Turbulent motions are measured by the shear probes 
on AMP at scales from 0.01 to I m, hence there is a 
distinct scale separation. 

When estimating KE (in joules per kilogram), we 
first remove the vertically averaged velocities, 

KE - p-• p/2[(u - •)2 + (v - •)2] dz (14) l 

where • and • are the average east and north velocities, 
respectively, between zu - -30 m and zl - -65 m for 
each profile, and d - Zu - zl. The average of pp for pro- 
files 53-66 is P0. We assume the mean vertical velocity 
w is small compared to u and v. The demeaned veloci- 
ties are used because only the kinetic energy due to the 
depth-varying current is a source of energy for a shear 
instability. On the basis of the rms error of the velocity 
estimates, uncertainty in KE is +2 x 10 -4 m 2 s -2. 

There is not a natural scale separation of the density 
measurements. Rather than decomposing the density 
field by horizontal averaging, the AMP density profiles 
are decomposed into background and available compo- 
nents using a sorting algorithm developed by Thorpe 
[1977]. The density values from each AMP profile are 
sorted to increase monotonically with pressure, the min- 

imum energy state achievable with the values. The sta- 
ble profile is a measure of the background density field. 
The difference between the observed and sorted pro- 
files is the available density component. This is a one- 
dimensional version of the sorting algorithm used by 
Winters et al. [1995], and it is common in microstruc- 
ture studies to use the sorted density profile to define 
the stratification against which overturns are straining. 
The sorting leads to the following decomposition of each 
density profile: 

= + 
where •(z)is the (demeaned)sorted density profile and 
pt is the density fluctuation of static instabilities. 

As with KE, we first remove the vertically aver- 
aged component of the density before forming the back- 
ground potential energy (in joules per kilogram) 

g /zo+d/2 BPE: p-• ,•zo-d/2 )(z)z dz (16) 
where z0 = 0.5(zt + zu). The background potential 
energy reflects the stratification within the control vol- 
ume. It is negative definite and approaches zero as t5 
goes to zero (i.e., the density becomes uniform). 

There are two sources of uncertainty in B PE. One 
source is errors in our measurement of p. On the basis 
of the small spread of density values on a temperature- 
salinity plot, errors in p are small; we estimate -t-0.024% 
uncertainty. The other source is the unaveraged nature 
of the measurement; that is, density values along an 
AMP profile are point samples, unlike the ADCP pro- 
files which are averaged over 60 m. Variability in B PE 
within the large-scale structures is large. On the ba- 
sis of the variations in B PE in a set of four profiles 
(59-62) collected in approximately the same location 
at the north end of the sampling volume (Figure 4a) 
we ascribe +10% uncertainty to BPE owing to the un- 
averaged nature of the estimate. 

We next briefly mention how we form e, TKE, APEF, 
and Xpe and state their uncertainties. We simply aver- 
age e between 0.3 and 0.65 MPa for each profile. Errors 
in e are difficult to quantify (see part 1); we conserva- 
tively estimate error bounds of a factor of 2. 

The shear probes cannot be used to directly measure 
TKE because AMP's motions contaminate the mea- 

sured velocities at scales larger than approximately i m. 
We therefore estimate q by two methods to confirm the 
validity of the estimators. The appendix details the 
methods used and the comparison. On the basis of the 
average difference between the two estimates we assume 
error bounds of (0.75, 1.33)q. 

Gregg [1987] calls APEF the specific fluctuation po- 
tential energy; the values from (11) are very similar to 
the available potential energy of fluctuations proposed 
by Dillon and Park [1987]. Total uncertainty in APEF 
is +6%, most of which is due to 5% errors in N 2. 

We only indirectly measure Xpe. The dissipation rate 
of temperature variance X is determined from temper- 
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ature gradient spectra measured with glass-bead ther- 
mistors, but the dissipation rate of salt Xs cannot be 
measured because its viscous-diffusive subrange occurs 
at very small scales. Following Gregg [1984], we as- 
sume the two dissipation rates are proportional to the 
square of their respective contributions to the mean ver- 
tical gradient that leads to (12). Because Rp = -0.05, 
salinity stratification is 20 times temperature stratifica- 
tion, indicating X is only 5% of Xpe. Wijesekera et al. 
[1993] propose an alternate method of computing Xpe 
based on e and the level of the 5/3 rd moment density 
spectrum in the inertial subrange. Applying this tech- 
nique to the large overturns in the mixing layer yields 
estimates within a factor of 2 of our x-based estimate. 
Consequently, we assume a factor of 2 uncertainty in 
Xpe . 

The time difference used in computing derivatives is 
determined by the trajectory shown in Figure 4b; hence 
errors in the trajectory set the level of uncertainty of the 
time derivatives. Random errors in velocity introduce 
approximately 2% error in positions. Errors in track- 
ing depth produce a bias error that varies strongly with 
vertical position. Trajectories formed at 0.47-0.53 MPa 
alter the time differences by a few percent at most, but 
trajectories formed at 0.4 or 0.6 MPa are much differ- 

ent and lead to different drop pairings. We use the 
velocities at 0.5 MPa because they minimize differences 
in density between the downstream and upstream legs. 
An additional 5% uncertainty is assumed to result from 
errors in time difference when computing derivatives. 

4. Data 

Using AMPs 49-58, the downstream section through 
Bush Point, we first examine energy changes in an Eu- 
lerian frame of reference before the billows form to un- 

derstand how the instability is forced. Observations to 
be used in the energy balance are then presented in the 
billows-following coordinate system. 

4.1. Forcing 

Figure 6 displays all the measured quantities, start- 
ing upstream of the hydraulic control, as a function of 
geographic position. The coordinate system is Eulerian, 
corresponding to the distance axis in Figure 1. The left- 
hand panels show the breakdown of total mean energy, 
including the vertically averaged component; the right- 
hand panels show the components used subsequently 
in the energetics analysis. Total mean energy in the 
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Figure 6. Measured energy terms versus geographic distance downstream (see Figure 1), showing 
the rapid increase in mean energy upstream of the billows and sudden increase in turbulence as 
the billows form. Vertical solid lines mark the location of the hydraulic control and where billows 
first appear. (a) The total energy TE breakdown shows the dominance of (b) potential energy 
of the vertically averaged flow PE and (c) kinetic energy of the vertically averaged flow KE. 
Right panels show terms used to evaluate the energy balance. (d) Kinetic energy of the depth- 
varying flow KE peaks as the billows form and subsequently decreases; background potential 
energy BPE is a mirror image of KE. (e) Dissipation rates and (f) turbulent energy increase 
dramatically as the billows form. 
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sample volume, TE -- KE q- KE q- PE q- BPE, be- 
gins rising upstream of the control, reaching a plateau 
between the control and where large billows form (Fig- 
ure 6a). Upstream of the control, the energy changes 
are dominated by KE and PE (Figures 6b and 6c), re- 
flecting the increased depth-averaged speed and depth- 
averaged density pp of the control volume entering the 
contraction. The increase in pp results from the ris- 
ing density interface, and the increase continues down- 
stream of the control until the billows form (Figure 7). 

The rising interface also increases the density gradi- 
ent, causing BPE to decrease (Figure 6d). The rapid 
decrease of B PE before the billows form highlights the 
role of advective flux divergence in forcing the onset of 
instability (Figure 6). 

Downstream of the control, KE decreases but KE 
increases, reaching a maximum just before the billows 
form (Figure 6d). The coincidence of peak KE with 
billows formation suggests it ultimately destabilizes the 
shear layer. 

The magnitudes of TKE and APEF upstream of the 
billows are only 0.1% of the variations in KE and BPE 
(Figures 6d and 6f). Dissipation rates, however, are not 
small, e averaging 5 x 10 -7 W kg -1, Xpe about 0.2e. 

The first profile through the billows finds all the tur- 
bulent fields vastly increased (Figure 6e); all achieve 
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Figure 7'. (a) Contour plot of density ao as a func- 
tion of geographic position, (b) profiles of vertical dis- 
placement Lt, and (c) vertically averaged density pp in 
the sample volume. Isopycnals rise prior to the billows, 
causing an increase in pp (and PE). Vertical bound- 
aries of the sample volume (dashed lines in (a) and (b)) 
do not cut through the large overturns; we therefore 
assume a local turbulent balance. 

maximum values in this profile. All variables, save 
BPE, then decrease through the end of the section. 
Changes in KE and BPE are nearly mirror images 
(Figure 6d). The decrease (increase) in KE (BPE) af- 
ter the billows form is consistent with it being a source 
(sink) of energy for the instability. A decrease in e is ex- 
pected for a growing shear layer. For a self-similar flow, 
scaling suggests e cr l/h, where h is the vorticity thick- 
ness, the product eh remaining constant downstream 
of the point where self-similarity is achieved [Tennekes 
and Lumley, 1972; part 1]. 

In summary, as the flow entered the hydraulic control, 
total energy in the sample volume increased sharply. 
Using 0.4 m s -1 for the depth-averaged speed of the 
volume, the change in TE required an energy flux into 
the sample volume of 2.8 x 10 -s W kg -1. The increase 
was greatest in KE and PE; the rate of increase of KE 
over the same distance was 4 x 10 -6 W kg-1, much less 
than for TE, and was entirely offset by the decrease 
in BPE. As soon as the billows formed, both TKE 
and APEF increased dramatically, as did e and Xpe. 
Decreasing KE and increasing BPE after the billows 
formed is consistent with energy transfers expected of 
a shear instability. 

4.2. Data in the Billows-Following Coordinate 
System 

We next consider samples collected while the billows 
are actively turbulent. Simple trends appear when the 
data are plotted against y in the billows-following ref- 
erence frame (Figure 8). The regular increase of BPE 
(Figure 8a) and decrease of KE (Figure 8d) in the 

downstream leg indicate a persistent transfer of kinetic 
to potential energy. On the upstream leg, KE and 
BPE are roughly constant; all these profiles were col- 
lected about the same geographic distance downstream 
of the hydraulic control (Figure 1). The constancy of 
the mean energy values suggests the billows are spatially 
growing. 

Neither APEF nor TKE exhibit consistent patterns 
in the Lagrangian coordinate system (Figures 8b and 
8e). The pronounced spikes in APEF for AMP 54 and 
62 look suspect; however, these drops appear to sam- 
ple pairing events (part 1). Pairing may be the prin- 
cipal mechanism of entrainment and growth of a shear 
layer [Ho and Huerre, 1984]. Turbulent potential energy 
maxima are likely during these events that incorporate 
large volumes of nonturbulent fluid into the shear layer. 

Dissipation (Figures 8c and 8f) is greatest to the 
south, being roughly a factor of 10 smaller at the north 
end of the set of billows, during both the downstream 
and upstream legs. The increased dissipation at small y 
in the Lagrangian coordinate system is probably related 
to the decreased offset of the velocity and density inter- 
faces (part 1). The interface offset leads to significant 
variations in the turbulent properties of the billows, as 
well as their mean density. 
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Figure 8. Measured components in the billows-following reference frame. A solid line connects 
profiles collected on the downstream leg, and a dashed line connects profiles collected on the 
upstream leg. AMP drop numbers are given. Terms in the PE balance are to the left, KE terms 
are to the right. (a),(d) The increase (decrease)in BPE (KE) between the upstream and the 
downstream legs diminishes as the time difference between the sampling decreases. (b),(e) The 
available potential energy of fluctuations APEF and the turbulent kinetic energy TKE display 
no obvious trends, and for AMP 53 are less than the minimum value on the graph. (c),(f) From 
AMP 54 on, both Xpe and e tend to be largest for smaller y; this probably reflects the decreasing 
vertical separation of the velocity and density interfaces with decreasing y (see part 1). 

5. Results 

5.1. Estimated Terms 

We estimate unmeasured terms using the balance 
equations of section 3 for each of the profile groupings 
(section 2.4). For each group of AMP drops in Table 1, 
we (1) find two values of each measured variable at the 
same y location, one from the primary drop and the 
second from interpolating between the bounding drops; 
(2) approximate derivatives in the energy balances by 
first-differencing the two values, OX/Ot • AX/At, and 
average other terms; and (3) estimate the unmeasured 
terms by first solving (T0) for Jb and (2) for P, then 
computing the energy-flux divergences from (T) and (9). 

The results are presented in Figure 9 as a function 
of y in the billows-following coordinate system. Each 
panel displays the balance of terms for an equation. The 
term being solved for is marked by a dashed line, and 
confidence limits are shown by shading. 

Equations (2) and (T0) are practically steady; both 
OAPEF/Ot and OTKE/Ot are an order of magnitude 
smaller than the other terms (Figures 9a and 9b). Thus 
these two turbulent energy equations (in watts per kilo- 
gram) simplify to approximately steady, local balances, 

Jb • -Xpe/2 • -5.5 x 10 -7 

and 

Pme-Jv•2.4x T0 -6 

averaged over all pairs. Confidence limits for P are 
somewhat less than a factor of 2 owing to a correlation 
coefficient of 0.91 between e and Jb. Both Jb and e tend 
to decrease to the north, as does P, reflecting the in- 
creasing separation of the velocity and density interfaces 
(part 1). 

The mean energy balance equations are not steady 
because the time derivatives are the largest terms in 
the balance equations; (1) simplifies to 

OKE/Ot • -P 

with P, on average, accounting for 87% of the change 
in KE. We find that V-J k is not significantly dif- 
ferent from zero, implying a nonsteady, local balance 
adequately describes the mean kinetic energy budget in 
the billows-following coordinate system. This is consis- 
tent with the laboratory study of Thorpe [1973a]; he 
estimated only 5% of the energy released by shear in- 
stabilities contributed to the generation of propagating 
internal waves. 

The B PE budget does not simplify to a local bal- 
ance. Though OBPE/Ot is positive for all the esti- 
mates, which is consistent with B PE being a sink for 
turbulent energy, on average, the 0.5 x Xpe term ac- 
counts for only 25% of the changes in BPE. Given the 
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Figure 9. Plot of terms in each of the four balance 
equations. In each panel the term solved for is shown 
with a dashed line, and shading marks confidence limits 
for the estimates. (a),(b) The turbulent energy equa- 
tions simplify to steady local balances owing to consis- 
tently small values of OTKE/Ot and OAPEF/Ot. The 
differencing time At of each grouping is shown in (a). 
(c) The KE flux divergence V. J is not significantly k 
different from zero, implying a nonsteady local balance 
of KE, but the same is not true (d) for BPE where the 
B PE flux divergence X7.Jp is a dominant term. 

approximate local balance of KE, this result is surpris- 
ing. There are at least three possible reasons for the dis- 
crepancy: first, our one-dimensional estimates of 
may inadequately isolate diabatic processes; second, we 
may have undersampled the dissipation; and third, our 
use of X to represent Xpe may be inappropriate. These 
possibilities are discussed below. 

5.2. Implications 

We estimate the flux Richardson number, Ry -- Jb/P, 
to be 0.22 q-0.1 over the event, where 0.05 is I standard 
deviation. Individual values vary between 0.16 and 0.33. 
Our average Ry is close to the maximum value found 
in laboratory experiments studying buoyancy-affected 
shear layers [Thorpe, 1987], where maximum values are 
associated with an initial trli • 0.05. Thorpe [1973b] 
found billows to have a low mixing efficiency for near- 
critical Ri flows and a final state of nearly linear tran- 
sition of density across the shear layer but voiced suspi- 
cions that his laboratory results may not be applicable 
to large Re flows. The high mixing efficiency and for- 
mation of a well-mixed layer in this event support his 

suspicion that mixing efficiency may be a function of 
/•e. 

Most laboratory estimates of mixing efficiency com- 
pare initial and final mean kinetic and mean potential 
energies. For this data set we find the ratio of B PE 
change to KE change is 0.86, much larger than our es- 
timate of Ri based on the microstructure measurements 
or any previous estimates. Use of this formulation, how- 
ever, requires a local mean energy balance, which we 
cannot demonstrate for B PE. Obviously, great care 
must be exercised when evaluating the mixing efficiency 
from changes in the mean fields without the benefit of 
microstructure measurements. 

Finding (1) to be in local balance implies the billows 
do not generate radiating internal waves, at least in this 
study. Because the billows are moving relative to the 
surrounding fluid, they induce vertical motions in the 
fluid around them, similar to an obstacle effect. These 
vertical oscillations force propagating internal waves if 
the horizontal wavenumber of the billows k is less than 

N/U, where U is the speed of the surrounding flow rel- 
ative to the billows [Gill, 1982]. The waves can carry 
momentum away from the shear layer; a similar process 
has been proposed to explain the diurnal cycle of turbu- 
lence beneath the mixed layer observed on the equator 
[Gregg et al., 1985; Wijesekera and Dillon, 1991]. A 
large internal-wave momentum flux would significantly 
alter the energy balance by reducing the amount of KE 
released by the instability available for turbulent pro- 
duction P. 

Using N = 10 -2 rad s -1 and U - 0.2 m s -1 (half the 
speed difference between layers) yields k - 0.05 rad m-1. 
Billows of horizontal wavenumber greater than 0.05, or 
wavelengths less than 125 m, will generate evanescent 
modes that are incapable of carrying energy away from 
their source. The observed billows' wavelength of 70 m 
is much less than the critical value, so vertical oscilla- 
tions at this horizontal scale in the surrounding fluid de- 
crease exponentially with distance from the shear layer 
and are incapable of carrying energy. This is consis- 
tent with the acoustic images (part 1) that show wave- 
like oscillations on the scattering layers surrounding the 
billows whose phase lines are vertical. 

Fritts [1979, 1984] promotes an envelope radiation 
mechanism as an efficient way to remove momentum 
from an unstable free shear layer. The envelope ra- 
diation mechanism generates freely propagating inter- 
nal waves as flow moves past an irregular flow feature 
characterized by spatial variations at a wavenumber less 
than that of the billows. Fritts [1979, 1984] assumes the 
presence of two trains of Kelvin-Helmholtz billows, with 
similar wavenumbers, which have a beat wavenumber 
kb << k. Because we see no evidence of internal-wave 
radiation, we presume that this mixing event is poorly 
described as the sum of two wave trains. 

At least three factors may account for the lack of a lo- 
cal, nonsteady balance of B PE. The first concerns the 
sorting algorithm used to define the background density 
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field. When performed in three dimensions over the en- 
tire domain, as in a numerical simulation, the sorting 
clearly defines a configuration of the density field that 
can be changed only by mixing [Winters and D'Asaro, 
1994; Winters et al., 1995]. The one-dimensional sort 
possible with profiles is only an approximation of a 
three-dimensional sort. In particular, instantaneous es- 
timates of B PE within a volume based on sorted pro- 
files can vary due to adiabatic processes; the variability 
of BPE in profiles 59-62 (Figure 8) is evidence of this 
effect. We included an energy-flux divergence in the bal- 
ance equation for BPE in recognition of the sensitivity 
of our BPE estimates to adiabatically induced changes. 
Thus finding a nonlocal balance of B PE is not unex- 
pected. It is a surprise, however, to find a local balance 
for KE because the internal waves assumed to carry 
the energy flux should have a signature in both poten- 
tial and kinetic energy. The consistency of BPE and 
its changes over time suggest that the profiles reflect 
large-scale changes in BPE, rather than small-scale, 
wave-induced variability. 

Another possibility is that we underestimate the event- 
averaged dissipation rate. Our analysis estimates the 
average dissipation rates over the lifetime of the event 
from two measurements widely separated in time. Be- 
cause of their highly skewed distributions, both e and 
Xpe tend to be underestimated by small-sample means 
[Gregg, 1987]. The large error bounds of these variables 
used in the analysis reflect the sampling problem associ- 
ated with variables that are approximately lognormally 
distributed. We do not think we grossly underestimate 
the true event-averaged values because the maximum 
likelihood estimate of 2 x 10 -6 W kg -• based on the 
0.5-m values is very close to the arithmetic mean. 

Nevertheless, uncertainties in both variables are large; 
if we assume P and Jb are underestimated by a factor 
of 1.7 (within the stated confidence limits), both the 
KE and the BPE budgets require an energy flux con- 
vergence of • 1.a5 x 10 W kg -1. This value seems 
plausible and also resolves the discrepancy between the 
potential and kinetic energy balances, by requiring a 
moderate nonlocal source of energy to close the bal- 
ances for both. This scenario suggests energy was sup- 
plied to and consumed by the shear layer after billows 
formed. Conversely, assuming we have overestimated 
the dissipation rate by a factor of 1.7 requires v.J k • 
1.5 x 10 -6 W kg -1 and V-Jp • -2.1 x 10 -6 W kg -1, 
that is, half the change in KE is lost to wave radiation, 
while almost all of the increase in BPE is due to a 

convergence of potential energy flux. It seems unlikely 
that the energy-flux divergences would be large and of 
opposite sign, and more fundamentally, that we may 
consistently overestimate the dissipation rates, though 
we do not have a definitive reason to discount this pos- 
sibility. 

Lastly, the errors associated with using X to infer •pe 
in a dominantly salt-stratified fluid are unknown. The 
dissipation rate of salt X, remains unmeasured owing to 
the extremely small scales at which salt diffuses. If X 

and X• are not strongly correlated spatially, our estima- 
tor is ill posed. More practically, conditions in Puget 
Sound at this time were not ideal for our instrumenta- 

tion; the weak mean thermal gradient and large values 
of e combined to produce a temperature gradient spec- 
trum at the limit of our ability to resolve. 

5.3. Interfacial Stress 

Having established that (2) is approximately steady 
in time, we can readily form an estimate of the tur- 
bulent shear stress due to the mixing event. Because 
the billows occurred at a distinct interface in both the 

velocity and density fields, the shear stress is also the 
interfacial stress. We form 

--E 

pv'w'= (1 - Rf)Ov/Oz (17) 
(in pascals) from the average profiles of v and e for the 
AMP drops used in the groupings. The shear stress is 
dramatically elevated between 0.4 and 0.6 MPa, rising 
to maximum values of 0.32 Pa; it is, on average, 0.22 Pa 
over this depth range (Figure 10). This is one of the 
few direct estimates of interfacial stress based on mul- 

tiple samples from roughly the same water mass. This 
stress is comparable to the maximum momentum flux in 
boundary layers over ice [Overland, 1985] and under ice 
[McPhee and Smith, 1976], suggesting this level of stress 
is dynamically important. It is important to note this 
is the average stress over approximately an hour; peak 
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Figure 10. Average profiles of (right) e and shear and 
(left) shear stress, based on the profiles used in the 
groupings. The signature of the mixing 'event is con- 
fined between 0.4 and 0.6 MPa and reaches maximum 

average values of 0.32 Pa. 
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values from individual profiles exceed 1.5 Pa. Unaver- 
aged estimates of interfacial stress in the outflow of the 
Mediterranean based on profiles of e from expendable 
dissipation profilers and shear from expendable current 
profilers are quite large, up to 2.25 Pa [Price et al., 
1993]. 
6. Summary and Discussion 

6.1. Summary 

We examine the changes in energy distribution within 
a control volume containing a large mixing event. A 
control volume that completely contains the mixing 
event and whose boundaries support relatively little tur- 
bulent mixing is selected. This justifies the use of a 
local balance of turbulent energy. We decompose the 
velocity and density fields into layer-mean and depth- 
varying components, assuming mixing will affect only 
the depth-varying components. A simple energy bal- 
ance is used to quantify the role of turbulent processes, 
to estimate the efficiency of mixing, and to quantify the 
energy radiation. 

Prior to instability the fluid passed through a lat- 
eral constriction that accelerated the flow to criticality. 
Though the increased speed resulted in a doubling of 
the kinetic energy, potential energy accounted for the 
majority of the increase. The mechanism of the increase 
was isopycnal uplift, associated with thinning of the up- 
per layer as its flow became supercritical. The uplift in- 
creased the mean density and stratification of the layer. 
The coincident increase in shear ultimately caused the 
instability. Though dissipation within the control vol- 
ume is not small prior to the formation of the billows, it 
is not associated with large-scale overturns and there- 
fore results in little turbulent energy. We estimate the 
upstream turbulent velocity is less than 1% of the mean 
speed. 

As billows formed, turbulent energy increased an or- 
der of magnitude. Kinetic energy due to shear then 
decreased and potential energy due to stratification in- 
creased, as expected for a shear-driven instability. Over 
the next hour, turbulent energy and dissipation varied 
widely as the ship sampled different locations within 
the turbulent shear layer. 

When viewed in a billows-following reference frame, 
both e and Xpe decreased regularly to the north. Nei- 
ther APEF nor TKE exhibits simple trends in the 
billows-following reference frame. Two distinct max- 
ima in APEF are thought to be associated with pairing 
events. 

We estimate unmeasured terms in the energy balance 
by pairing profiles that sampled approximately the same 
location in the billows-following coordinate system, us- 
ing first differences to estimate derivatives. The analy- 
sis quantifies the magnitude of terms in a simple energy 
budget after coherent structures had formed and before 
their eventual demise. Average values from the anal- 
ysis are given in Table 2. In summary, we find the 

Table 2. Average Values of Terms in the Energy 
Balance 

Term Definition Value, 
pW kg -1 

OKE/Ot Rate of change of KE -2.9 4-0.7 
P Turbulent production 2.4 4- 0.5 
V'. Jk KE flux divergence 0.5 4- 0.6 
OBPE/Ot Rate of change of BPE 2.5 4- 0.5 
Jb Buoyancy flux -0.6 + 0.2 
V'. Jp BPE flux divergence -1.9 4- 0.6 
e TKE dissipation rate 1.9 + 0.4 
Xpe APEF dissipation rate 1.1 4- 0.4 
Rf Flux Richardson number 0.22 4- 0.04* 
OTKE/Ot Rate of change of TKE 0.04 4- 0.09 
OAPEF/Ot Rate of change of APEF -0.01 + 0.03 

Values include 4-1 standard deviation. 

*Value is nondimensional. 

following. 
1. The TKE and APEF balance equations are 

steady when evaluated over several buoyancy periods, 
such that Jb • --Xpe/2 "'• --5.5 X 10 -7 W kg -1 and 
P • e--Jb • 2.4 x 10 -6 W kg -1. We estimate that, 
on average, Rf • 0.22 for these observations over the 
event. 

2. We find that, on average, 87% of the change in 
KE is accounted for by P. Both KE and P follow sim- 
ilar trends, further supporting the notion that most of 
the observed loss of KE contributed to energizing tur- 
bulence. The small fraction of unaccounted for energy 
suggests that mostly evanescent waves were excited by 
the shear layer despite the presence of stratified fluid 
that surrounds the mixing event and can support inter- 
nal waves. 

3. The BPE budget does not close locally. The es- 
timates of Xpe/2 explain about 25% of the change in 
BPE. The discrepancy may be due to problems with 
estimating BPE and Xpe or to an undersampling of the 
dissipation rates. We consider it likely that we under- 
estimate the dissipation rates. Increasing P and Jb by 
a factor of 1.7 requires an equal amount of energy-flux 
convergence (m 1.4 x 10 -6 W kg -•) for both the KE 
and BPE budgets to balance. This suggests there was 
actually an net flux of energy into the layer during the 
event. 

4. We estimate the interfacial stress due to the shear 

instability to average 0.22 Pa between 0.4 and 0.6 MPa 
for roughly an hour. 

6.2. Discussion 

The mixing event we sampled was generated by a 
flow constriction which acts as a hydraulic control dur- 
ing part of the tidal cycle. Rapid flow acceleration 
and shear enhancement passing through the constric- 
tion destabilize the fluid layer, resulting in the forma- 
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tion of a kilometer-long mixing patch. Though we can- 
not say how common •such events are, our study does 
suggest that abrupt topography is capable of generat- 
ing significant mixing. Geyer and Smith [1987] noted 
similar behavior in the Fraser River Estuary. In steady 
(nontidal) flows, such as overflows of dense water from 
marginal seas or the passage of deep water through a 
constriction, a generation mechanism of this type could 
lead to a steady (permanent), spatially growing shear 
layer. Such an instability could play an important role 
in water-mass modification and would be an excellent 

site for further study of large Re shear layers. 
Though we have analyzed only a single realization, we 

find the principal results to be quite robust. We initially 
tried an isopycnal-bounded control volume, rather than 
a fixed-depth bounded control volume, hoping to better 
isolate diabatic processes. Though we abandoned this 
approach after finding that little was gained from this 
complicated procedure, we arrived at the same results: 
a dramatic energy increase prior to instability, a near- 
local balance of KE but not of BPE, and large mixing 
efficiencies. Similarly, choosing different depth bounds 
changes the quantitative results little. We feel confident 
that our analysis provides a valid sample of a large 
high initial Ri shear layer in a natural environment. 

This instability leads to significant changes in the 
mean velocity and density fields and therefore is likely 
to be important to the dynamics of Admiralty Inlet. 
The turbulent momentum flux changes the velocity pro- 
file from an approximately two-layer flow to a constant 
shear profile; the mixing due to the event changes the 
density field from approximately two layers to three lay- 
ers. Though this event dominates the mean e between 
0.1 and 0.9 MPa during the tidal cycle we sampled, 
much larger values of e were found elsewhere in the in- 
let. However, these other sites display considerably less 
stratification; the shear layer may make a significant 
contribution to the net buoyancy flux in Admiralty In- 
let. This may be dynamically more significant than t•he 
momentum flux because it directly modifies the density 
field, which in turn drives the mean baroctinic circula- 
tion. 

Surprisingly, we find no net energy radiation from the 
shear layer despite a stratified ambient medium. In- 
deed, it seems likely there was a net convergence of 
energy flux into the layer during the hour that we col- 
lected measurements. It is questionable how represen- 
tative this event is of open ocean events. Nevertheless, 
this study indicates that a local balance of mean and 
turbulent energy is an adequate description of the tur- 
bulent event. 

Uncertainties in e and •pe limit the accuracy of our 
results. Obviously, more measurements of the dissipa- 
tion rates while the instability is evolving are needed to 
more accurately determine P, Jb, V'J k, and V.Jp. 
This could be accomplished by using the ADCP to 
maintain posilSion with respect to the flow at a cer- 
tain depth, allowing repeated samples in the same water 

mass. Because the dissipation rates are approximately 
lognormally distributed, uncertainties in estimates of 
the mean value decrease slowly, less than 1/(n)l/2; 
roughly three times as many profiles would be needed to 
reduce the uncertainties to 50%. Unfortunately, useful 
acoustic images are obtained only when moving with re- 
spect to the billows. Because the acoustic images are es- 
sential to identifying the type of instability, two vessels 
would be required to significantly improve the accuracy 
of this energetics analysis. 

Lastly, this study outlines a sampling pattern and 
analysis technique which find reasonable agreement be- 
tween microstructure measurements and changes in fine- 
scale density and velocity. In our experience, to find 
even gross quantitative agreement between microstruc- 
ture and fine-scale measurements is exceptional. At- 
tempts to find a similar local balance in spatial se- 
ries from the Strait of Gibraltar using U/x -• t did 
not succeed [Wesson, 1991]. Advection of horizon- 
tal gradients apparently dominates the energy balance. 
A fluid-following coordinate system, even if it only 
crudely tracks the flow, simplifies the physics consid- 
erably. Model schemes that employ Lagrangian coordi- 
nates, like the generalized Lagrangian mean formulation 
of Andrews and Mcintyre [1978], would seem the only 
tractable way to simulate turbulent processes in ener- 
getic, highly advective flows such as those in straits and 
estuaries. 

Appendix' Estimating TKE 

The shear probes cannot be used to directly mea- 
sure TKE because their velocities are contaminated by 
AMP's motions at scales larger than a meter or so. We 
therefore estimate q by two methods to confirm the va- 
lidity of the estimators. 

From variations in AMP's fall rate we can estimate 
w' in the billows and hence estimate the turbulent ve- 

locity q•. AMP is a free-falling platform well coupled 
to the water by small drag screens. Because the profiler 
has a large vertical drag coefficient, the perturbation 
in the fall rate should be close to the vertical velocity 
of the water [Desaubies and Gregg, 1978]. For most 
profiles through the billows, AMP's fall rate is strongly 
perturbed (Figure A1), varying by +5 cm s -1 from the 
typical linear decrease in fall rate. Using 20 AMP pro- 
files to define the average fall rate Wavg, we estimate the 
vertical velocity fluctuation as 

•' w•(p) - Wœall(P) -- Wavg(P). (A1) 

The rms value of the perturbed fall rate is used as the 
vertical velocity scale. Because Reb - e/•N 2, where 
• is the kinematic viscosity, averages 4 x 104 within 
the layer during our measurements, we assume isotropy 
of the dissipation-scale turbulent velocity components 
[Cargert et al., 1984], q• - (3w') •/2. On the largest 
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Figure A2. Comparison of turbulent velocity scale q, 
estimated by the Taylor scaling when c = 1, with q•o es- 
timated from fall-rate variations. The linear correlation 

coefficient and Spearman's p equal 0.77. We estimate 
errors in q as the average difference of the two estimates. 

n is the number of samples, we assume error bounds of 
(0.75, 1.33)q. 

scales of the billows it is obvious the velocity compo- 
nents are not isotropic. Using a ratio of billow height to 
wavelength of 0.3 to estimate the maximum anisotropy 
expected, we may underestimate q by a factor of 3. 

A classic scaling, developed by Taylor [1935], relates 
q to e and the outer (or integral) scale of the eddies L as 
q - (eL/c) •/3. A wide variety of constants, 0.04 < c < 
1, and length scales have been used owing, in part, to 
difficulty in defining the largest eddies of the flow with 
one-dimensional data. On the basis of Taylor's scaling, 
we estimate q (in meters per second) using 

q E( 1 Lmax) 1/3 -- --6ov (Lmax/d) (A2) 
c 

where Lmax is the thickness of each overturn (see part 1) 
within the control volume greater than 2 m, and Coy is 
the average dissipation rate within each overturn. The 
factor Lrnax/d weights the TKE associated with each 
overturn by the fraction of the layer it occupies. Fig- 
ure A2 compares q and qw with c - 1. Their trends are 
similar, but qw > q. The two estimates are significantly 
correlated; both the linear correlation coefficient and 
Spearman's p, a nonparametric correlation coefficient, 
are 0.77. Averaging over all the drops, •- 1.2 cm s -1 
and •ww = 1.6 cm s -•. Because the two estimates are 
not wildly different when isotropy is assumed, we con- 
clude that the turbulent velocities are only moderately 
anisotropic. Use of c - 0.42 makes the means equal. 
On the basis of the average difference between the t•vo 
estimates, (1/n)•(qw- q) • 0.3, with c- 1 and where 
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