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ABSTRACT

South of the Strait of Bab el Mandeb, saline Red Sea Water flows downslope into the Gulf of Aden
mainly along the narrow 130-km-long “Northern Channel” (NC) and the shorter and wider “Southern
Channel” (SC). In the NC, the Red Sea plume simultaneously exhibited weak entrainment into a 35-120-
m-thick, weakly stratified bottom layer while a 35-285-m-thick interfacial layer above showed signs of
vigorous mixing, overturns up to 30 m thick, and extensive zones of gradient Richardson numbers below 1/4.
Turbulent overturning scales, or Thorpe scales, are extracted from regular CTD profiles and equated to
Ozmidov scales. On this basis, interfacial mixing is quantified in terms of estimated turbulent dissipation
rates, vertical turbulent salt flux, and interfacial stress. Even though these estimates are subject to significant
uncertainty, they demonstrate the intensity of mixing during strong winter outflow in terms of eddy diffu-
sivities K, on the order of 107> m?s™". The large K, occur in strong stratification such that vertical turbulent
salt fluxes are also large. Along the NC, relative maxima of K, correspond to maxima in the bulk Froude
number. Direct short-term measurements of the Reynolds stress just above the seafloor at two locations,
one in the NC and one in the SC, allow comparisons of the bottom stress 7, with the interfacial turbulent
stress 7;. The ratio 7/7, shows large scatter in a small sample, with maximum values on the order of 1. An
appendix outlines procedures of making and reducing lowered acoustic Doppler current profiler measure-
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ments optimized for observing descending plumes.

1. Introduction

Overflows and outflows from marginal seas are a ma-
jor component of the vertical overturning circulation of
the deep oceans. One of the least studied outflows from
marginal seas is that from the Red Sea, which forms the
Red Sea water mass in the northern Indian Ocean ther-
mocline. The Red Sea outflow differs from its counter-
parts in terms of the topography of the outflow region
and in its low latitude and pronounced seasonal vari-
ability (Murray and Johns 1997; Bower et al. 2000). It
was investigated during the 2001 Red Sea Outflow Ex-
periment (REDSOX) in two cruises: one in the winter
season of maximum outflow, REDSOX-1, and one in
the summer season of minimum outflow, REDSOX-2.
This paper is a companion to Peters et al. (2005, hence-
forth referred to as Part I). Part I is based on direct
observations of velocity and stratification in the de-
scending Red Sea outflow plumes made with a lowered
package containing a conductivity—temperature—depth
(CTD) probe and a lowered acoustic Doppler current
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profiler (LADCP). Procedures and accuracy of the
LADCP measurements are discussed in an appendix
below. In Part I we discuss how the bulk of the outflow
from the Red Sea in the western Gulf of Aden south of
Bab el Mandeb Strait flows downslope in two channels,
the narrow, typically 5-km-wide, 130-km-long Northern
Channel (NC) and the shorter, wider, and shallower
Southern Channel (SC). The reader is referred to Fig. 1
of Part I for the seafloor topography.

The mixing of descending plumes with the ambient
fluid has traditionally been quantified as the entrain-
ment of a single layer characterized by its velocity and
density difference to the overlying fluid (Ellison and
Turner 1959; Turner 1986; Baringer and Price 1997a).
In contrast, following the example of Polzin et al.
(1996), we emphasize the vertical structure of the Red
Sea plume. Part I distinguishes the mixed or weakly
stratified “bottom layer” (BL) from the overlying,
strongly stratified and highly sheared “interfacial layer”
(IL). For the NC it is shown that the IL was thicker than
the BL, carried most of the plume transport, and was
the site of most of the entrainment into the plume. The
salinity of the BL stayed high relative to waters above
the plume over a distance of 120 km along the NC (Fig.
4 of Part I), a fact indicating weak dilution and entrain-
ment in the BL. Whereas the BL showed little increase
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in thickness with increasing distance along the NC, the
interfacial layer increased in thickness in downstream
direction and carried an increasing fraction of the over-
all plume transport.

Herein, we extract quantitative information on the
turbulent mixing in the interfacial layer of the Red Sea
outflow plume from standard CTD measurements. We
show that the IL had extensive regions of low gradient
Richardson number, Ri < 1/4, and ubiquitous turbulent
overturns, some as thick as 30 m in the vertical, unmis-
takable signs of energetic mixing. Only data from
REDSOX-1 are used, for reasons given in section 2.
The discussion of mixing in the IL is complemented by
an analysis that relates direct measurements of the
Reynolds stress just above the seafloor to the interfacial
stress. Section 2 introduces the methods of quantifying
turbulent mixing on the basis of overturning scales ex-
tracted from CTD data. The overall magnitude and
variations of turbulent mixing in the Northern and
Southern Channels are discussed in section 3. The bot-
tom stress and interfacial stress are addressed in section
4, which is followed by a summary and a brief discus-
sion. An appendix outlines how we tailored LADCP
measurements for the observation of descending
plumes.

2. Estimating turbulence variables

a. Thorpe and Ozmidov scales

Logistical constraints ruled out microstructure obser-
vations during REDSOX, and thus we quantify turbu-
lent mixing on the basis of overturning scales extracted
from conventional CTD data. This approach has been
chosen before, recently by Ferron et al. (1998). It is
based on the empirical observation of Dillon (1982)
that turbulent eddies in stratified flows tend to grow as
large as they can, given that they have finite kinetic
energy and can thus do only finite work against buoy-
ancy forces. This observation is cast in terms of the
equivalence of Thorpe and Ozmidov scales, /;, and L,
respectively. Thorpe (1977) first showed how to extract
a turbulence length scale from potential density (o)
profiles, or, in his freshwater study, from potential tem-
perature (®). Sorting discrete profiles of either o or @
into monotonic sequences is associated with vertically
displacing individual data, or water parcels, by a dis-
tance ¢, the turbulent displacement. The Thorpe scale is
simply the rms average of ¢{. The Ozmidov scale is
defined as L, = &">N*? with turbulent dissipation
rate ¢ and buoyancy frequency N. Dillon (1982) and
many later studies in a wide range of environments
confirm that, on average,

e"N = Lo = Cyly 1)

(Crawford 1986; Dillon and Park 1987; Peters et al.
1995; Peters 1997); C, is often taken as a constant close
to 1, but theoretical studies and laboratory and field
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observations show C; to vary through the lifetime of a
turbulent overturn (Wijesekera and Dillon 1997) and to
vary as a function of the Richardson number as C; ~
Ri~¥* for small Ri < 1/4 (Baumert and Peters 2000).
The effects of variable C; = C(Ri) become significant
at small Ri, Ri < 1/4, a condition not common in the
Red Sea outflow plume. Thus, we simplify the approach
toward C; = 1. With the preceding, if N and [, are
determined from CTD data, € can be estimated using

).

b. Turbulent fluxes

Even though the turbulent dissipation rate is most
commonly used as a quantifier of mixing, the vertical
turbulent fluxes of momentum, heat, mass, and salt are
more important with respect to the effects of mixing on
the plume flow. On the basis of the steady-state turbu-
lent kinetic energy (TKE) equation, we can follow Os-
born (1980) in estimating the eddy diffusivity of mass as

K,=TeN2, @)

where the “mixing efficiency” I' is related to the flux
Richardson number R;as I' = R/(1 — R)—Ryis the
ratio of the buoyancy flux to shear production of TKE,
and I is often taken to be constant, I' = 0.2 (e.g., Gregg
1987), a simplification followed herein. Fundamentally,
and at a minimum, I" has to vary with the Richardson
number as I' ~ Ri for Ri < 1/4 because the buoyancy
flux vanishes for N> — 0 as explained by Peters and
Bokhorst (2001). They present a model of I'(Ri) but
note that this dependence is not well known. Their
model I'(Ri) has only modest variability as long as Ri =
1/4. We further note that the Richardson-number de-
pendence of C in (1) and I' in (2) combine to K, ~
Ri~ "2 for small Ri, a weak dependence.

In high-Reynolds-number flows, the eddy diffusivi-
ties of all scalars should be equal. With this, the vertical
turbulent salt flux J, (kg m s~ ') can be estimated as

J, = —0.001pK ,38/9z, 3)

where the factor 0.001 converts practical salinity S to
salt concentration s, and where p is density. The vertical
coordinate z is positive upward. The salinity gradient
4S/0z in (3) and ¢ in (2) are understood as ensemble
averages without explicit notation to this fact.
Estimating the vertical momentum flux is consider-
ably more complex than estimating scalar fluxes. Fun-
damentally, stratified fluids support turbulence as well
as internal waves; both are associated with vertical mo-
mentum transports, but the respective mechanisms are
completely different. We consider it likely that the Red
Sea plume generates a spectrum of upward-propagating
waves likely to encounter critical layers in the interfa-
cial layer (Bell 1978). Such a scenario gives rise to a
wave drag on the plume flow. Owing to a lack of suit-
able observations, the effect of internal waves is beyond
the scope of this paper. However, if the effect of waves
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is small in comparison with that of the turbulence, a
condition requiring Ri = 1/4 at a minimum, the “dissi-
pation method” can be invoked to estimate the turbu-
lent eddy viscosity K, from the steady state TKE equa-
tion (Busch 1977; for further discussion, see also Peters
et al. 1988 and Peters and Bokhorst 2001):

ou\? gu\2 |t
oma-me[ ()G @

The components of the ensemble average velocity vec-
tor, u and v, follow standard convention. We neglect the
weakly variable factor (1 — Ry) in the following. The
interfacial turbulent stress 7; follows from (4) as

7, = pK,,(du/dz, 0v/dz). %)

The application of (4) is not straightforward. As out-
lined in the appendix, procedures of retrieving velocity
profiles from lowered ADCP measurements employ
substantial averaging and integration in the vertical,
and the vertical resolution of velocity and shear is as
low as 40 and 35 m, respectively. This leads to an un-
derestimate in the shear term in (4) and a correspond-
ing overestimate of K,,. Because (4) is based on the
TKE equation, its shear term has to include all shear
available to produce TKE, even fluctuating compo-
nents not resolved in the LADCP data. Such fluctuat-
ing shear components are largely removed by averaging
in (5), however, where shear components appear rather
than their squares as in (4). Overestimates in K,,, are
thus not compensated in (5). To account for the over-
estimate of K, in (4) and 7, in (5) we discuss the tur-
bulent stress in terms of upper and lower bounds, the
upper bound being given by (5) and the lower bound by
replacing K,,, with K, in (5), that is, by assuming a tur-
bulent Prandtl number of unity, Pr, = 1.

Our simple approach given by (2) and (4) implies
that the turbulent Prandtl number in individual esti-
mates is simply Pr, = K, /K, = 5Ri. For very small Ri <
1/4 this would not be permissible, of course, because Pr,
stays bounded, Pr, > 1/2, as Ri — 0 (Schumann and
Gerz 1995). To provide an idea of typical magnitudes of
K,, and K, and their relationship, we show in Fig. 1 the
derived values from casts taken along the axes of the
NC and SC. The median of Pr, in this dataset is 2.5. We
emphasize again that Pr, is not independently deter-
mined from the observations but is simply a function of
the Richardson number in consequence of assumptions
made in estimating K,, and K,,.

¢. Determining Thorpe scales

Determining Thorpe scales is simple and straightfor-
ward in freshwater domains where density depends
only on temperature 7 and pressure, and as long as
instrumental noise in 7 is insignificant. Even when such
noise is significant it can be removed efficiently from a
single variable such as 7, as shown, for example, in a
recent study utilizing wavelets (Piera et al. 2002). CTD
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F1G. 1. Estimated eddy viscosity vs eddy diffusivity from
REDSOX-1 (averages over the interfacial layer of casts): “x” in-
dicates NC, and open circles indicate SC.

systems, such as the Sea-Bird Electronics, Inc., 911 Plus
CTD utilized during REDSOX, have very low instru-
mental noise in 7 and electrical conductivity C—so low
that it is entirely inconsequential for this study. Serious
problems arise, however, from the necessity of having
to combine 7 and C to compute salinity and density.

In oceanic applications Thorpe sorting has often
been based on potential temperature rather than den-
sity to retain full vertical resolution and circumvent
problems associated with the noise introduced by 7-C
sensor mismatch. This is legitimate only in regions of a
simple and monotonic 7-S relationship, however, and
excludes regions of thermohaline intrusions, which are
all too common in the oceans and were especially
prominent in the Red Sea outflow area.

The inevitable small mismatch of the 7"and C sensors
gives rise to often very large noise in S and p, a problem
that has been addressed in a large number of publica-
tions going back to the beginnings of CTD systems (see
SCOR Working Group 51 1988). The Sea-Bird 911Plus
CTD used during REDSOX has a pumped duct in
which the 7 and C sensors sense the same water and in
which the flow rate is decoupled from variations in the
fall rate of the CTD. Furthermore, at standard pumping
rates, the time constants of the thermometer and the
conductivity sensor are closely matched. Nevertheless,
the transfer functions of the two sensors are qualita-
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tively different: a double pole filter for 7 and a boxcar
for C (Gregg and Hess 1985). This difference can lead
to significant noise in p in the presence of small-scale
variations in 7 and C. Turbulence, of course, generates
such fluctuations, specifically a broad spectrum with a
—5/3 wavenumber slope at large Reynolds number
(Batchelor 1959). Hence, with increasing &, turbulent
overturns will become larger and should be more easily
detectable if it were not for the increased noise. This
connection between density noise levels and turbulent
dissipation rates does not appear to have been previ-
ously addressed in the literature. Figures 2 and 3
present an example.

Cast 81 of REDSOX-1 (Fig. 2) was taken close to the
lower end of the Northern Channel at a depth of 780 m.
The Red Sea plume was well developed, with a thick-
ness of over 200 m and a maximum speed of 0.75 m s '
The well-mixed 80-m-thick bottom layer reached up
to the velocity maximum, as typically seen during
REDSOX (Part I). Temperature and salinity profiles in
the interfacial layer above the velocity maximum show
small-scale fluctuations with amplitudes close to 0.5°C
in 7" and about 0.2 psu in S (Fig. 2e). Together with the
thick layers of subcritical Ri < 1/4 (Fig. 2d), the fluc-
tuations in 7 and S unmistakably indicate vigorous mix-
ing. Even though the turbulent signal in 7 and § ap-
pears large and clear in Fig. 2e, which depicts 1-m ver-
tical averages, small-scale noise in the raw 24-Hz
density signal (Fig. 3a) is prominent, being large in
comparison with “large scale” vertical variations of og.
If the unfiltered 24-Hz o were to be Thorpe sorted,
the resulting overturning scales would be much larger
than those from © (cf. Figs. 3a,b). It is obvious that if
Thorpe scales are to be based on density, o has to be
filtered to prevent noise from introducing a large posi-
tive bias. In an alternative, Peters et al. (1995) Thorpe
sorted both © and o and selected the minimum of two
resulting turbulent displacements. This procedure pre-
vents any gross high bias, but it also introduces a sys-
tematic low bias and is thus not adopted herein.

To assess the effect of vertical filtering of oy on
Thorpe scales, we have collected all depth segments
with monotonic ®-S relationship from the interfacial
layer of all REDSOX-1 casts taken along the channel
axes. In many of the casts there are such regions of
monotonic ®-S because of the suppression of intru-
sions by strong vertical mixing. The interfacial layer of
cast 81 is such an example (Fig. 3). In these segments
the full-resolution ® and a vertically filtered og were
Thorpe sorted. Experimentation and careful examina-
tion of all casts resulted in a simple running mean filter
for o with a 3-dB cutoff at a 1-m vertical wavelength.
This filter represents the minimum smoothing needed
to avoid spurious large Thorpe scales related to residual
noise in o in areas of weak vertical gradients. Figure 4
compares the resulting dissipation rates averaged over
the selected depth range in each cast. The median of the
ratio of ¢, (from filtered og) to g¢ (from unfiltered ©)
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is 0.54. Hence dissipation rates estimated from the fil-
tered potential density have a low bias of approxi-
mately a factor of 2 on average. In the following we
simply boost ¢ by a factor of 2 to remove the bias. The
low bias in uncorrected ¢ is the penalty paid for Thorpe
sorting smoothed density. The benefit of using ¢, is
being able to estimate turbulence variables from all
casts, not just those with monotonic ®-S relationship.
For further illustration, Figs. 2a and 2b depict Thorpe
scales from filtered density and unfiltered temperature
and the corresponding dissipation rates for cast 81.

We arrived at the above procedures of estimating
turbulence variables after extensive experimentation.
We considered the wavelet approach of Piera et al.
(2002) as well as Galbraith and Kelley’s (1996) algo-
rithms, of which we incorporated the “run length” cri-
terion in the form of rejecting overturns shorter than
0.6 m. The more complex approaches of Galbraith and
Kelley (1996) and Piera et al. (2002) ultimately did not
work out for us because of the noise in og.

CTD data from REDSOX-2 often had higher noise
levels than those from REDSOX-1 owing to persistent
interruptions and transmission errors in the data stream
from the underwater unit to the deck box because of a
poor sea cable. The data losses made it difficult to align
T and C properly in REDSOX-2 CTD casts. Therefore
we were unable to use density to estimate turbulence
variables in REDSOX-2 and had to restrict the com-
putations to monotonic O-S segments, which often cov-
ered only a fraction of the interfacial layer and ex-
cluded some casts entirely. Because of these difficulties,
a meaningful comparison of turbulence estimates from
the two cruises is problematic, and the analysis herein is
restricted to REDSOX-1.

Following the method of Dillon (1982), individual
overturns are defined by %,{; = 0; the sum of turbulent
displacements over an overturn vanishes. It is essential
to apply (1), (2), (3), and (5) to averages over overturns
of all quantities involved. Otherwise, large /;, from low-
gradient regions might be combined with parts of high-
gradient segments of density and salinity such that val-
ues of ¢, K, and J; would be inflated. Following the
method of Peters et al. (1995), we compute N* from a
Thorpe-sorted potential density with local reference
such that we always have N*> = 0 and Ri = 0. This
procedure amounts to the assumption that the Thorpe-
sorted density profile approximates the “mean” condi-
tion that underlies turbulent mixing and gives rise to it.

Figures 2a—c illustrate extracted Thorpe scales and
estimated turbulent dissipation rates, eddy diffusivity,
salt flux, and turbulent stress. A small number of big,
20-30-m-thick overturns carry the bulk of the mixing in
the thick interfacial layer of REDSOX-1 cast 81. Such
large overturns are easy to resolve in regular CTD data.
The size of the overturns is related to the high plume
speed (Fig. 2d) as well as relatively small N? attribut-
able to relatively small ambient N at a large water
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F1G. 2. CTD/LADCP cast 81, REDSOX-1, located toward the lower end of the Northern Channel at 780-m water
depth: 12°16.97'N, 044°14.72'E at 0447 UTC 24 Feb 2001. Data are plotted against height above bottom 4. (d)
Velocity magnitude V' and direction ® and Richardson number Ri, (e) temperature 7" and salinity S, (f) vertical
turbulent displacement ¢, (a) Thorpe scale /, [two estimates from the filtered potential density (shaded) and the
unfiltered potential temperature (dash-dotted)], (b) estimated dissipation rate & [two estimates from the two [, in
(a)] and eddy diffusivity K, based on the filtered o, and (c) vertical turbulent salt flux Jg and turbulent stress .
Note the vigorous overturning in the interface of the plume accompanied by regions of Ri < 1/4 (dark shading).
The Richardson number is actually plotted as tan™!(Ri) on a scale from 0 to 1.6.
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F1G. 3. (a) Potential density and (b) potential temperature vs height above bottom, and (c) ®-S diagram in the interfacial layer of
REDSOX-1 cast 81 as depicted in Fig. 2. The raw 24-Hz o (dots) with large noise, the filtered o (red line), and the Thorpe-sorted
potential density (black line) are shown in (a). The unfiltered © (dots) and its Thorpe-sorted counterpart (black line) are shown in (b).

depth of nearly 800 m (Part I and section 3 below) and
intense mixing.

It is difficult to quantify the systematic uncertainty of
the estimated &, K, J;, and 7. Direct microstructure
measurements of ¢ are commonly believed to carry an
uncertainty of a factor of 2 (e.g., Peters et al. 1988).
Given that we measure [y, and rely on a number of
simplifying assumptions with corresponding uncertain-
ties, and considering that our data samples are small,
we expect our ¢ to be less accurate than directly mea-
sured values. Unlike typical microstructure observa-

10° =
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107 106 10°
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FiG. 4. Dissipation rates estimated from vertically filtered po-
tential density &, vs dissipation rates from unfiltered potential
temperature ¢ for REDSOX-1 casts along the channel axes with
monotonic ®-S relationship. The two thin lines mark a 1:1 rela-
tionship and the median of the ratio ¢, /gq.

tions with repeated “drops” used to form ensemble av-
erages, we only have single profiles for each CTD/
LADCEP cast. To allow for some averaging and to gain
statistical degrees of freedom, we only discuss vertical
averages across the entire interfacial layer for each cast.
We further restrict the analysis to casts along the axes
of the two channels, NC and SC, in an effort to eluci-
date the along-channel depth structure of the plume.
As in Part I, only casts with “active” plume flow are
considered.

3. Turbulent mixing in the interfacial layer

a. The Northern Channel

In the typically 5-km-wide, 130-km-long Northern
Channel the plume descends to water depths close to
800 m as shown in Fig. 5d, which also depicts the upper
and lower boundaries of the interfacial layer. Distances
along the channel are measured from the Perim Nar-
rows of Bab el Mandeb Straits (BAM; Fig. 1 of Part I)
The determination of the heights of the BL and the IL
follow Part I. The top of the BL is at the velocity maxi-
mum of the plume, and the top of the IL is given by
small flow speed or strong veering of the current vector
(Fig. 2d and Figs. 6, 10, and 12 of Part I). Following
Table 1 (see also Table 2 of Part I), the bottom layer in
the NC was 59 m thick on average, with a maximum
value of 119 m. The interfacial layer was considerably
thicker, with an average thickness of 102 m and a range
of 36-286 m. The vertically averaged plume velocity
ranged from 0.1 to 0.9 ms™! (Fig. 5c), with an average
of 0.56 ms~' (Table 1). The squared buoyancy fre-
quency in the IL decreased by over a factor 10 with
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Fi1G. 5. Interfacial mixing in the Northern Channel during REDSOX-1 (winter), averages in the interfacial layer
between depths H; (plus signs) and H,, (open circles) as shown in (d), which also depicts the water depth H (dark
shading). (a) Thorpe scales. (b) Squared buoyancy frequency (continuous line, from a subset of data) and plume
bulk Froude number (open circles). (c) Velocity average of the entire plume. (e¢) Estimated interfacial stress, lower
and upper bounds as explained in the text. (f) Interfacial salt flux. (g) Eddy diffusivity. (h) Turbulent dissipation

rate.

increasing distance along the path of the plume (Fig.
5b), which corresponds to increasing depth. Shear in
the IL was strong relative to N? even though bulk

Froude numbers (Fr) shown in Fig. 5b stayed below 1
(Part I). The definition of Fr follows Baringer and Price
(1997a) and J. F. Price (2003, personal communication):

Fr ="\/ (po8V?)gdp(H,, + 112H)] .

(6)

Here g is gravity; p, is a reference density of 1000 kg
m~%; 8V is the average speed of the plume; H, and H,
are the thicknesses of the BL and IL, respectively; and
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TABLE 1. Summary of mean properties of the Red Sea outflow
plume during REDSOX-1 (winter, maximum outflow season)
based on the casts taken along the axes of the two main outflow
channels. The velocity V and the salinity S are averaged across the
entire plume. The difference between the plume mean S and a
30-m-thick layer above the plume is listed as 8S. Turbulence vari-
ables given are arithmetic averages across the interfacial layer.
The values of ¢, K, J;, and 7, have been adjusted by a factor of 2
to account for the effect of vertical filtering of og on /. The
values in parentheses of T are lower limits of the interfacial stress
as indicated in the text.

Variable Unit NC SC
14 ms~! 0.56 0.42
H, m 59 45
H; m 102 63
H, m 161 108
N psu 38.9 39.0
bAY psu 1.5 1.3
L m 2.3 1.2
€ W kg™! 2.0 x10°° 1.6 X 10°°
K, m?s~! 1.4 X 1072 37 x 1073
J, kgm 2s! 1.8 x 1074 6.3 x 107
T Pa 0.2 (0.13) 0.1 (0.06)

dp is its mean excess density relative to the overlying
water.

As an alternative to Fr we also form gradient Rich-
ardson numbers (Ri) for the interfacial layer as a whole
by averaging N? and squared shear in the IL. By aver-
aging squared shear we preserve the effect of large
variations in shear, which are suppressed in Fr by av-
eraging 8V. The corresponding average interfacial Ri
ranges from 0.3 to 1.1, with an average of 0.6. This
range of Ri clearly shows how strong shear was relative
to stratification. Part I also discusses instantaneous Ri-
chardson numbers, showing that subcritical values less
than 1/4 were common. Figure 2d depicts an example.

Thorpe scales in the interfacial layer ranged from 0.4
to over 8 m, with the largest /;, of over 8 m occurring
toward the lower end of the NC in relatively weak
stratification (Figs. 5a,b). An example of large over-
turning scales was already introduced above in Fig. 2.
Estimated turbulent dissipation rates in the NC show
great scatter of a factor of 100 without immediately
obvious trends. The average was e = 2 X 10°° W kg ™!
after correcting for the bias resulting from using
smoothed density profiles for Thorpe sorting as ex-
plained above (Fig. Sh). This bias has been corrected in
Table 1 as well as in Figs. Se-h. The average ¢ from the
REDSOX-1 NC is of the same order of magnitude as
dissipation rates observed in the Mediterranean plume
in the Gulf of Cadiz (Johnson et al. 1994b).

Eddy diffusivities also show large variations, but, un-
like &, they show a clear trend toward much larger val-
ues near the lower end of the NC (Fig. 5g). The cor-
rected global average of K, from all casts is 1.4 X 1072
m?s~!, which is three orders of magnitude larger than
the background mixing in the interior of the ocean over
smooth topography (Polzin et al. 1997) and two orders
of magnitude larger than the “abyssal recipes” canoni-
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cal value of 10~*m?s™' (1 cm? s '; Munk 1981). Values
of K, =107 m”s™ " or even larger are commonplace in
swift, stratified shear flows, however (e.g., Wesson and
Gregg 1994; Peters 1999). Eddy diffusivities at distances
of up to 100 km from BAM, excluding the large K,
from the lower end of the NC, have an average of 4 X
107* m?s ™, still a large value.

Figure 5e shows the corrected interfacial turbulent
stress in the NC to range from very small values to a
maximum of about 1 Pa with a global average of 0.2 Pa
(Table 1). The largest stress values occurred toward the
lower end of the NC. When they are excluded, the av-
erage of 7, in the upper 100 km of the NC is 0.1 Pa. We
place these stress data into a perspective in the section
on bottom stress and interfacial stress further below.

The vertical turbulent salt flux J, has a corrected
overall average of 1.8 X 10 *kgm 2?s™ ' (1.0 X 10" *kg
m 2 s~ in the upper 100 km of the NC); its variations
are shown in Fig. 5f. To make these numbers more
comprehensible, we note that a value of 107> kg m ™
s~ ! corresponds to a flux of 1 gram of salt, or about one
tablespoon, per square meter and second. The esti-
mated mean J; of about 2 X 10~* kg m 2 s~ ' is of the
same order of magnitude as estimates of J in the tidally
forced, salt-stratified Hudson River estuary (Peters and
Bokhorst 2001), a comparison that suggests that the
turbulent salt flux in the NC has to be considered as
large. The vertical diffusive salt flux J, can also be com-
pared with the horizontal advective salt flux through
the plume. We consider the anomaly of the salt flux
relative to a background salt concentration of s =
0.0365 with a plume concentration s = 0.0395. The lat-
eral transport of anomalous salt per unit width across
the plume flow is p8,VH, = 270 kg m~"' s~' with values
from Table 1 and §, = 0.003. The vertical diffusive salt
flux per unit horizontal width is J,L. = 22 kgm™' s™!
with length L = 120 km for the NC. By this measure the
vertical diffusive salt flux is roughly 10% of the hori-
zontal flux of anomalous salt. The discussion of J, is
continued in the conclusions below.

Our set of mixing observations is small, whereas the
variability range of the turbulence variables is large.
Without further probing it is thus unclear if Figs. Se-h
show just random fluctuations or spatial variations of
mixing along the NC. A closer examination of the data
reveals a correlation between the intensity of mixing
and the bulk Froude number Fr as shown in Fig. 6.
Based on laboratory and field studies of buoyant
plumes (Ellison and Turner 1959; Turner 1986; Price
and Baringer 1994), we expect more intense mixing
with increasing Fr, and thus the correlation between Fr
and mixing variables lends credibility to the occurrence
of spatial variations in them. In Part I, we note that
relative maxima of Fr occurred in the NC in areas of
relatively large bottom slope and hence at sites with a
tendency toward acceleration of the plume flow, at dis-
tances from BAM of about 70 and 120 km. The corre-
sponding maxima of Fr are also seen in Fig. 5Sb. They
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F1G. 6. Vertical turbulent salt flux vs bulk Froude number for
the Northern Channel (open circles) and Southern Channel (plus
signs). The dash—dotted line is an exponential fit to the combined
data, Jg = 1.8 X 107° exp[(3.9 + 2.2)Fr] (correlation coefficient
R = 0.47).

are paralleled by maxima in ¢, K, J, and 7, (Figs. Se-h).
The correlation of bulk Froude numbers with, for ex-
ample, J; has a correlation coefficient of 0.47 (Fig. 6).
Even though the correlation explains only 22% of the
variance, it is statistically significant.

b. The Southern Channel

The mixing in the interfacial layer of the SC and the
associated flow are depicted in Fig. 7. For distances
smaller than 40 km, the data are the same as in the NC.
Corrected average values of flow and mixing are listed
in Table 1. In comparison with the NC, the plume flow
in the SC was slower, the plume was thinner, and mix-
ing was weaker. Within the overall averages shown in
Table 1, the velocity, the thickness of the bottom layer,
and the dissipation rate are only modestly smaller than
the corresponding NC values, but the thickness of the
interfacial layer, Thorpe scales, eddy diffusivity, salt
flux, and stress in the SC are noticeably smaller than
their NC counterparts by factors of 2-3. The Froude
number and all mixing variables depicted in Figs. 7b,
e-h show maxima near 60 km downstream distance.
Beyond this point, the flow and the mixing are seen to
drop off substantially.

4. Interfacial and bottom stress

The Reynolds stress near the seafloor 7, was mea-
sured with a “bottom lander” package at two locations
for short time periods during REDSOX-1. The package
was deployed at locations at which we anticipated
strong mixing to occur based on the topography and the
CTD/LADCEP survey. The bottom lander consists of a
bottom-mounted, upward-looking, five-beam, broad-
band, 600-kHz acoustic Doppler current profiler with
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transducers 1.5 m above the seafloor and a CTD at 1-m
height. The ADCP was set to 1-m vertical bins with the
lowest bin at a height of 3.9 m above the bottom, at
which we evaluate 7,. The ADCP recorded data in
beam coordinates, logging 100-ping ensembles of veloc-
ity, velocity sums, and sums of squared velocities every
49 s. From these data the Reynolds stress can be ex-
tracted as described below. Deployment “BL3” took
place toward the lower end of the NC at a distance of
120 km from the Perim Narrows in Bab el Mandeb
Strait and at a water depth of 780 m (see Fig. 1 of Part
I; location of cast 81). The record length is 40 h. CTD/
LADCEP cast 81, depicted in Fig. 2, was taken during
the deployment of BL3. The 18-h-long deployment
“BL1” took place at a distance of 63 km from BAM in
the SC (see the location of cast 44 in Fig. 1 of Part I),
water depth 375 m.

ADCPs with diverging acoustic beams in Janus con-
figuration, inclined to the vertical 6 = 30° in our case,
cannot measure the Reynolds stress vector (u'w’, v'w")
directly because of the spreading of the beams. Direct
measurements are not necessary, however, as long as
the velocity variances along the four beams can be mea-
sured. The “variance method” appears to have been
reinvented more than once in field and laboratory ex-
periments (Lhermitte 1968; Tropea 1983). It was first
applied to oceanographic ADCP measurements by
Lohrmann et al. (1990), and has since been utilized by
Stacey et al. (1999a, b), Lu and Lueck (1999), and Rip-
peth et al. (2003). The following assumes an upward-
looking ADCP with beams 1 and 2, and 3 and 4, re-
spectively, in two perpendicular planes. The velocity
vector in (x, y, z) direction is (u, v, w) with z positive
upward. The Reynolds decomposition is applied such
that, for example, u = u + u’. Geometrical consider-
ations lead to a relationship between the velocity vari-
ances along the beams to those in Cartesian coordi-
nates. For simplicity we further assume that beams 1
and 2 lie in the (x, z) plane. From

u'y = u'? sin*() + w? cos?(0)+ 2u'w’ sin(6) cos(h) and
u_’g =u? sin?(9) + w2 cos(0) — 2u'w’ sin(6) cos(6),

(7
it follows that

ww = W' — w4 sin(9) cos(6)] . 8)

The preceding assumes symmetry of the beams, that is,
a perfectly vertical orientation of the ADCP. Given a
five-beam system, a small constant roll angle « can be
corrected for as

ww = (u? — w[4sin(0) cos()] " + au’® — w'3),
)

where « is in radians (Lu and Lueck 1999) and where

the unknown term u'v' has been neglected. Instrumental



























