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Vertical profiles of temPerature, temperature-gradient and, in

some cases, light transmissivity are used to examine the turbulence

in the bottom boundary layer on the Oregon shelf. Two data sets

are studied. The first, discussed in Chapter 1, is used to test

the hypothesis that the bottom layer is a turbulent boundary layer

with the distribution of heat, and suspended sediment determined by

the turbulent transport of these quantities. Vertical temperature-

gradient spectra from the second are analysed in Chapter II. The

ensemble average of these spectra is compared with the predicted

universal form. The inertial range as well as the Batchelor range

is observed.

A close relationship between active mixing and the structure

of the bottom nepheloid layer is shown in Chapter 1. Mechanical-

energy dissipation rates and eddy coefficients are usually consis-

tent with those in an unstratified turbulent boundary layer, but an

Redacted for privacy



exception was found when stratification due to suspended sediment

was required to explain the observations. Except in this case, the

suspended particle concentration, for observations in approximately

100 in of water, are consistent with the assumption of local equil-

ibriurn between turbulent diffusion and gravitational settling.

Observations made in deeper (180 to 200 in) water do not show this

balance.

The high gradient region above the nepheloid. layer in shallow

water impedes diffusion sufficiently that escape of particles by

this route is not important. The region of low turbulent mixing

was not consistently seen in deeper water where high levels of

turbidity were found throughout the water colunin. Low-density

turbidity currents of approximately 1 cm can be generated by

the suspended sediment concentrations found.

An inertial subrange was found in spectra calculated in Chapter

II. Spectra were calculated for each 53 cm vertical segment of the

bottom layer. An ensemble average of those spectra that were fully

resolved and had high Cox number was compared to the universal

form. Good agreement was found with the Batchelor form. The high

wavenumber end of the inertial range was resolved. A relationship

between the Kolmogorov constant for temperature, , and the Batch-

eJ.or constant, q, was established,
q_2/3

0.172. If = 0.5, as

determined from atmospheric measurements, q = 4.95 (4.29 < q <

6.65) and the transition from the inertial to the viscous-convective

range occurs at a wavenumber k = 0.035 (0.021 < k/k < 0.043)

where is the Kolmogorov wavenuxn.ber.
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ABSTRACT

A close relationship between active mixing and the structure

of the bottom nephej.oid layer on the Oregon shelf is shown, by

combining mixing inforntation inferred from temperature microstruc-

ture with concentration profiles derived from a transmissometer

mounted on the rnicrostructure instrument. Mechanical energy

dissipation rates and eddy coefficients are usually consistent

with those in an unstratified turbulent boundary layer, but an

exception was found when stratification due to suspended sediment

was required to explain the observations. Except for this case,

the suspended particle concentration profiles, for observations in

approximately 100 m of water, are consistent with the assumption

of local equilibrium between turbulent diffusion and gravitational

settling. Observations made in deeper (180 to 200 in) water do not

show this balance.

The high gradient region above the nepheloid layer in shallow

water impedes diffusion sufficiently that escape of particles by

this route is not important winter mixing destroys the layer long

before diffusion would. This region of low turbulent mixing was

not consistently seen in the deeper water where high levels of

turbidity were found throughout the water column. Low-density

turbidity currents of approximately 1 cm
l
can be generated by

the concentrations found.
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INTRODUCTION

Two prominent features have frequently been observed in the

near bottom region on the Oregon shelf, a "mixed" layer approxi-

mately 10 m thick with temperature variations of less than 0.003°C

(Caidwell, 1976, 1978) and a 'nepheloid" layer of increased particle

concentration (Komar, Kuim and Harlett, 1974; Pak and Zaneveld,

1977). The relationship between these features has not been under-

stood. Do they occur independently? Is either always present?

What process limits the vertical extent, and is it the same for

both? Do the same processes control the vertical distribution of

suspended particles and heat?

Answering the first two of these questions requires extensive

surveying of the area. Some information is available. Komar, Kuim

and Harlett (1974) note that the nephelo.id layer is thicker in

swales, and suggest that gravitationally driven flow of turbid

water may be important. Pak and Zaneveld (1977) found a bottom

nepheloid layer at least as frequently as a bottom mixed layer.

Both were found with increased frequency during periods unfavorable

to upwelling.

To determine whether the last two questions can be answered in

terms of vertical processes alone, we test the applicability of a

model involving vertical turbulent mixing of heat and particles as

well as gravitational settling of the particles. We hypothesize

that the bottom layer can be described as a turbulent boundary

layer containing a near-bottom constant-stress suiDlayer. This

layer is assed to be capped by a sharp density gradient through
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which transport of heat and mass is inhibited. Within the boundary

layer, stratification is usually negligible, and classical turbulent

boundary layer results apply. The vertical distribution of parti-

cles is determined by gravitational settling through the turbulent

water.

The data used to evaluate this hypothesis are of three kinds:

(1) Vertical mixing information calculated from profiles of the

smallest-scale vertical temperature gradients, measured by a freely

falling "microstructure' instrument. This information is presented

as eddy-mixing coefficients or kinetic-energy dissipation rates.

(2) Vertical profiles of optical transmissivity from which coricen-

tration of total suspended matter is estimated. The transmissometer

is mounted on the microstructure instrument.

(3) Horizontal currents measured in or above the layer by nearby

moored instruments.

MEASTJEMENTS

The temperature microstructure instrument is similar to one

previously described in detail (Caidwell, Wilcox and Matsier,

1975), with the addition of a transmissorneter. The transmissom-

eters output is proportional to the light received over a 0.25 m

sea water path. The (LED) light source emits light with wavelength

660 nm. This light is not significantly attenuated by dissolved

organic substances so that attenuation is caused solely by suspended

particles and the water itself (Jerlov, 1968) . Temperature sensi-

tivity can be a problem with transmissometers. This transmissometer
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is not temperature compensated but was allowed to come to equilib-

riuni with bottom layer temperature before sampling began. Tempera-

ture dependence varied among the three units used, with the most

sensitive showing a decrease in light received of 0.77% per degree

centigrade (temperature variation within a profile was always less

than 0.5°C).

The data consist of profiles at two locations along 45°2ON on

the Oregon shelf, in 90 to 110 in of water in August and September

1978 and June 1979, and in 180 to 200 in in April and June 1979.

Dr. Barbara Hickey of the University of Washington has kindly made

available Current data from the 1978 sampling periods. Current

measurements for 1979 are from bottom-mounted current meters (Cald-

well and Chriss, 1979).

Sequences of one to eight profiles through the bottom layer

were recorded within a short time, usually less than one hour. As

previously observed (Caidwell, 1978) there was considerable varia-

bility among the profiles in a sequence; however, mean conditions

usually remained sufficiently constant over the sampling interval

that each sequence is assumed to consist of several realizations of

the same process.

In each of the nine shallow-water sequences there was a near-

bottom region of relatively uniform temperature and reduced light

transmi.ssion (Fig. la,b). Only the two from September 1978 differ

greatly from the typical form described by Caidwell (1978), which

comprises an interface of large vertical temperature-gradient above

a layer of nearly uniform temperature. Although the temperature



within the boundary layer is uniform to within a few millidegrees,

its upper part is characterized by larger temperature gradients

approximately 1 cm thick. Near the bottom there is little of this

small scale activity. Caidwell (1978) found the average of the

mean temperature gradients to be 1.25 times the adiabatic in the

bottom few meters. Small mean gradients of either sign were found

in the present data. High levels of mixing as indicated by the Cox

nuxruber, the ratio of mean square temperature gradient to mean

gradient squared, were found throughout the bottom layer.

The thirteen sequences from the deep-water station (approxi-

mately 180 m) also show a region of nearly uniform temperature and

reduced transmission near the bottom (Fig. lc,d) but few of these

show strong mixing. The interface at the top of the layer is

typically less sharp and the overlying water is quite turbid. Only

eight of the deep sequences were analysed indetail. Uneven descent

rates caused by line tension made the others unsuitable for analy-

sis.

DATA ANALYSIS

Temperature-gradient spectra were calculated from the micro-

structure records for blocks of 512 points (layers of thickness

0.74 to 1.60 m for the descent rates used) and were corrected for

thermistor response (Dillon and Caldwell, 1980) . In many cases

these spectra resemble the universal forms predicted for fully-

developed turbulence (Tennekes and Lumley, 1972) and the high-

wavenumber maxima are resolved. In these cases several turbulence
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parameters can be estimated directly from the gradient spectra.

The rate of dissipation of kinetic energy, c, can be calculated

from the wavenu-nber of the diffusive cut-off, taken to be the

wavenuirLber at which the spectrum has fallen to 12% of the maximum

value (Caidwell et al., 1980). This wavenumber approximates the

Batchelor wavenuxtther:

kB = (2)1 (c/D2)14

where V is the kinematic viscosity and D the thermal diffusivity.

Inversion of this formula allows calculation of c as c =

24
vD k12%.

Since the high-wavenuinber maximum is resolved, the variance of

the temperature gradient (corrected for thermistor response) can be

obtained by integrating the gradient spectrum. From this the Cox

number, which indicates mixing intensity, can be formed:

Cox = <(dT/d)2>/<dT/dz>2

where <> denotes an average for a 512 point block. An eddy-coeffi-

cient for heat can be calculated with the further assumption that

production and dissipation of temperature variance locally balance

(Osborn and Cox, 1972)

KH D Cox.

This estimate cannot be made if the mean gradient over one data

block is too small to resolve.

This analysis is limited to spectra resembling the universal

form. Much of the water column is not actively turbulent at any

given time. Even within turbulent patches the signal level may

occasionally not be large enough for the high wavenumber peak to



extend above noise, i.e. isothermal turbulence Cannot be seen in

this way.

Percent transmission per 0.25 meter was calculated by dividing

the observed transmission by transmission over an air path, cor-

rected to bottom-layer temperature. The fourth power of this ratio

gives percent transmission per meter. The attenuation coefficient

c is the absolute value of the natural logarithm of this number.

The beam attenuation depends on the number, size and composition of

the suspended particles. If the slope of the particle size distri-

bution is constant, the beam attenuation and number of particles

will be linearly related provided that scattering efficiency of

particles is the same for all size classes (Zaneveld, 1973)

According to Peterson (1978) this is the case for lithogenous

particles larger than about 2 m and organic particles larger than

about 7 m. Because the composition and size distribution of

suspended material varies greatly, it is not possible for one

formula to relate light transmission to the amount of suspended

matter, but Peterson (1978) has obtained an empirical relationship

between t.he attenuation coefficient and total suspended matter (TSM

in ig1) for the Oregon shelf:

TSN = (C - 0.42)/O.00064.

This was used to estimate the amount of suspended sediment in the

nepheloid layer. Peterson estimated an error of at most +70 pgi1

for this relationship.



THE TURBULENT BOUNDARY LAYER

In order to test the hypothesis that the bottom mixed layer

is a turbulent boundary layer, it is necessary to look at the

consequences of this assumption. Near a solid boundary the veloc-

ity profile in a turbulent, horizontally-homogeneous, neutrally-

stratified flow is logarithmic (Monin and Yaglom, 1971). The

shear, dU/dz, is equal to u/kz where u is the friction velocity

(u
= (T/p)l/2 where T is the bottom stress and p the density),

k is von Karmans constant, usually taken to be 0.41, and z the

distance above the boundary. Production and dissipation of kinetic

energy are nearly equal and the turbulent energy equation can be

approximated by

£ = dU/dz = u3/kz.

This relationship makes it possible to estimate u, from the values

of c derived from the temperature-gradient spectra. Average

values of for each data sequence are presented in Table 1

(shallow) and Table 2 (deep).

The relationship c = u3/kz predicts that the dissipation

rate increases as the bottom is approached. This tendency was

observed in all sequences. In most cases there are too few esti-

mates within the near-bottom region and too much scatter in the

estimates of to determine the functional relationship between c

and z. For one profile (79612E2) c and z are clearly inversely

related (Fig. 2). In this case a linear least-squares fit of log

£ to log z has a slope of -0979 with = 0.16 cm (r = 0.914)

in good agreement with the prediction.
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The large scatter observed in estimates of from data taken a

fixed distance above the bed within a short time may be attributed

to the intermittence of boundary layer turbulence. Intermittence

of Reynolds stress has been observed in the laboratory (Grass,

1971) and in the field (Heathershaw, 1974; Gordon, 1974; Heathershaw

and Simpson, 1978). This variability will also appear in measure-

ments of . To estimate turbulent parameters in the bottom boundary

layer, it is necessary to sample a representative range and number

of events. The average u, calculated for each sequence includes

all estimates of E within the bottom layer. If this sample is

representative, pu is the average bed stress during the sampling

period and can be compared to stress estimates made from the current-

meter data using the logarithmic-layer relationships.

The velocity profile in the logarithmic region is often given

as

U(z) = u ln(z/z )/k
0

where z is the roughness length defined by U(z) = 0 (Tennekes and

Lumley, 1972). This formulation is not appropriate for hydrodynam-

ically smooth flow in which a viscous sublayer with velocity gradi-

ent dti/dz u/V underlies the logarithmic layer. In this case

TJ(z) can be written in terms of 5, the thickness of the viscous

sublayer

U(z) - U(S) u ln(z/)/k

where U(s) = u5/v is the velocity at the top of the sublayer.

Observations by chriss and Caidwell (1979) indicate that the

flow was hydrodynamically smooth during the April and June 1979
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sampling periods. Measurements of u and 6 in the region of con-

stant velocity gradient just above the sediment made with a profil-

ing heated thermistor predict the velocities measured by the current

meter at 59 cm well, indicating that the smooth flow relationships

hold. Laboratory studies have shown that 6 is approximately equal

to 11 v/ut. Although the recent work by Chriss and CaIdwell (1979)

indicates that sublayer thickness is often greater in the ocean,

the laboratory results are used to determine friction velocity,

U*cm from the current meter data. Only the data from April and

June 1979 were used in this calculation because the current meter 8

in above the bottom is not necessarily within the logarithmic layer.

Values of u from tuicrostructure and from the current meter

were correlated (r = 0.755) for all periods when the 59 cm current

meter was above threshold. The Inicrostructure profiles were made

within 1 km of the bottom-moored platform. During periods of

changing mean current or in the presence of horizontal gradients,

it is likely that the two instruments will sample different condi-

tions. Better agreement is expected during periods of steady mean

current. For the six inicrostructure profiles that fall within

periods of steady mean current the correlation between the two

estimates of u, is much better (r 0.988). Figure 3 shows

vs. z for these sequences. Assuming the relations mentioned above,

we expect c/u to resemble (kz)1. Again the increase as the

bottom Is approached is evident. The scatter is due at least in

part to the intermittency of the turbulence.

With the same assumptions for boundary-layer flow, the eddy
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coefficient for momentum, KM, becomes kuz. Assuming that eddy

coefficients for heat and momentum are equal, these estimates can

be compared with those made directly from the Cox numbers. No Cox

number estimates are available for sequences 796l2A, 79612C, 796l2D

and 7942DB because the mean temperature gradient was not resolved

near the bottom. With one exception (78922A) the value of kuz at

z = 100 cm is within the range of values found near the bottom. It

is difficult to form a meaningful average eddy coefficient from the

Cox-number estimates because high levels of mixing over patches of

small vertical extent contribute relatively little to overall

mixing. Estimates of mean eddy coefficients K are made by dividing

the average variance in the bottom few meters by the mean gradient

squared and provide at least a rough approximation (Table 2).

Agreement is found between these estimates and kuz for the deep

drops. Mean gradients were unresolved for too much of the bottom

layer to allow estimates of mean eddy coefficient by this method

for 7942DB, 79607B and all of the shallow drops.

Despite the intermittency of boundary layer processes a con-

sistant picture emerges. Friction velocities inferred from the

temperature microstructure are correlated with mean horizontal

currents. Eddy coefficients based on friction velocity are within

the range of those found directly from temperature-gradient spectra.

THE DISTRIBUTION OF SUSPENDED SEDIMENT

Bassin (1974) states that two factors are necessary for the

maintenance of a bottom nephelcid layer. The first is a source of
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suspended particles, the second, a layer of nearly molecular dif-

fusivity above the bottom layer which prevents diffusion upward.

Periodic resuspension of sediment, settling from above, and advec-

tion from the near shore region have been suggested as sources of

suspended matter (Komar et al., 1974; Pak and Zaneveld, 1977;

Chriss and Pak, 1977). The Ccx numbers show the existence of an

interface of extremely low diffusivity corresponding to the high

transmissjvjty gradient above the nepheloid layer for all shallow-

water sequences (Fig. la,b). This interface was typically 1 to 2

in thick with eddy coefficient between 0.002 and 0.004 cm2 s A

mixing time estimate for the destruction of a turbulent bottom

layer of thickness H below an interface of thickness h and diffus-

ivity D is T = Hh/D. For H = 10 m h = 2 m and D = 0.003 cm2 s',

-r is approximately two years. On the Oregon shelf the water column

is mixed to the bottom during winter storms so that destruction of

the bottom nepheloid layer by diffusion does not occur.

In deeper water these conditions do not hold. The low diffus-

ivity layer as indicated by lw Ccx number is not usually seen at

the top of the mixed layer; This water is more turbid than the

shallower water and the region of large turbidity-gradient may

extend 20 m above the bottom layer (Fig. id).

The equation governing the distribution of particles with

identical settling velocities in a horizontally-homogeneous turbu-

lent flow is (Taylor and Dyer, 1977)

= -.3/az /z(wC + K C/z)

where J is the particle flux, C the concentration, w the magnitude
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of the particle settling velocity, and K the eddy coefficient. In

the steady case J is equal to (-wC - K3C/z) and does not vary

with depth. In the ocean the suspended particles are not uniform

in size, density, or composition so that w must be taken as an

apparent settling velocity.

The assumption of steady state is apparently satisfied for all

shallow-water data except the two sequences from September 1978.

That is, the amount of suspended sediment in the bottom layer does

not vary by more than the uncertainties in the measurements. Large

changes in particle concentration during the September 1978 se-

quences and all those from deep water suggest that horizontal

processes may be important and that a simple vertical balance

cannot be used.

We will now test the model with shallow-water data which are

apparently steady state. There are two simple ways to model K5.

The first assumes that K is independent of depth, the second that

K = kuz, the eddy coefficient for momentum. We may assume either

that the effect of the settling is important or that it may be

neglected with respect to turbulent mixing. Combining these as-

sumptions leads to four forms of the equation governing the distri-

bution of particles in the steady flux case. The solutions to the

four forms are summarized in Table 3. Each solution predicts a

concentration profile to be compared with the observed profiles.

To test these predictions, mean particle concentration profiles

were formed for each of the shallow sequences, except those from

September 1978. These profiles begin a few centimeters above the
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sediment and extend upward approximately 10 m, or to the high-

gradient region at the top of the layer. The sequence 79612E was

omitted because of spikes in the transmissivity possibly caused by

small organisms or large particles passing through the light path.

Each of the remaining seven sequences was fit to the linear

forms of the profiles given in Table 3, using a least-squares

method. For models III and IV, values of 37w from -150 to 150 pg.
1

were tested. In all cases models II and IV gave better fits than

models I and III (Fig. 4) indicating that K is better modeled by

kuz. It was not possible to distinguish between models II and IV

or between different values of constant flux for model Iv on the

basis of the fit.

Model II requires an upward flux.of particles to maintain the

observed near-bottom increase in concentration. The only near-

bottom source is provided by resuspension. Currents measured

during this period (less than 15 cm
1)

were not nearly large

enough to erode the sediment at this location (mixed sand and mud

fRunge, 1966]). Thus it is likely that the increase in concentra-

tion near the bottom is due to settling of particles through the

turbulent water, and therefore that model IV is appropriate.

For constant flux, model IV allows calculation of an apparent

settling velocity from the slope of the linear fit (Table 4).

These calculated settling velocities can be compared with those

computed for the particle sizes and densities found in the nepheloid

layer on the Oregon shelf. Minerals of density 2.6 g cm3 make up

the bulk of the particles in the layer (Peterson, 1978). A peak in
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the particle-diameter distribution between 3 and 7 im has been

observed in samples taken approximately 10 m above the bottom.

According to Stokes' law, spheres of this size and density have

settling velocities in the range 0.0008 to

Inent with the apparent settling velocities

IV. The slightly higher values may be due

cle size distribution toward larger partic

approached.

0.004 cm s1, in agree-

calculated from Model

to a shift in the parti-

Les as the bottom is

It is possible to estimate the flux into the bottom layer from

above. For June 1979 sequences the concentrations above the nephe-

bid layer are from 100 to 150 pgZ1. In this case the diffusion

through the top of the layer is negligible and -J/w is approxi-

mately equal to the concentration above the layer. This flux would

cause an increase in concentration in a 10 in layer of only about

2 pg1 in one hour, much below the resolution of the instrument.

In August 1978 concentrations above the nepheloid layer are less

than 50 pg1 and the flux is near zero. Assuming no resuspension

of sediment, the mean particle-settling velocity, based on a flux

from above, is 0.005 cm s1 with standard deviation 0.001.

THE EFFECT ON T DYNAMICS OF THE BOTTOM LAYER

There are two related processes by which suspended sediment

can affect flow dynamics, by introducing a vertical density-gradient

within the bottom layer and by causing a gravitationally-driven

downslope flow due to the excess density of the turbid water.

Both effects may be important in the anomalous sequences from
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September 1978. During this period mean currents eight meters

above the bottom were small, less than 5 cm s during the first

sequence (78921A) and approximately 1 cm during the second

(78922A). Large gradients in concentration (implying a buoyancy

frequency of 0.5 cph) extended to the bottom. The thermal mixed

layer was unusually thin (Fig. ib). Equilibrium was not found

between settling and diffusion of suspended particles. Harlett

(1972) suggests that during quiescent periods settling may concen-

trate enough suspended matter near the bottom to influence the

density structure of the layer.

The effect of stratification on turbulent processes has been

modeled (Dyer, 1974) by use of a "dimensionless wind" defined by;

E kzu' dtl/dz.

In a stratifiedflow = (u3/kz)c and eddy coefficient K = kuz/4.

Combining these relationships,

1/3
K = (kz/) (kzE/)

so that the effect of stable stratification ( > 1) is to reduce

the turbulent mixing corresponding to a given dissipation rate E.

In the stable case = 1 + 5 z/L (Dyer, 1974) where L is the Monin-

Obukhov length (Taylor and Dyer, 1977)

3
pu*

kg (p 'w')

where g is gravitational acceleration and p' and w' are turbulent

fluctuations of density and vertical velocity respectively. With

an eddy-coefficient assumption, (p'w') = -K 1-2-if the density

gradient is assumed to be due to the observed suspended-sediment
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gradient. If kuL/ is the appropriate eddy coefficient, the

Moni.n-Obukhov length and revised estimates of u can be calculated

iteratively: for sequence 78921A, L = 7.7 m, u = 0.13 cm and

K = kuz/ = s
1

at z = 1 m. This lies within the range of

2-20 cm2 s for the eddy coefficient for heat estimated from the

Cox numbers. For 78922A, L = 1.8 in, u = 0.03 cm and K 0.3

cm2 51 at 1 meter. Here the Cox number estimates range from 0.02

to 0.1 cm2 s. Thus the density gradient due to suspended sediment

is sufficient to explain the discrepancies between observations and

the predictions based on neutral stratification.

The possibility that low-density turbidity currents flowing

across the continental shelf provide significant transport of

sediment onto the slope has been discussed by several authors

(McCave, 1972; Drake, 1974; Komar et al., 1974). In the absence of

cross-shelf density gradients due to temperature or salinity, the

velocity due to excess density can be approximated by (Kullenberg,

1974)

- 1/2
V = C (Hg(p/p) sin 0)1/2

where H is the flow thickness, p the excess density and sin 0 the

bottom slope. Cd is a drag coefficient taking into account both

bottom friction and the drag of overlying water. Kullenberg (1974)

gives a range of values 3 x < C <3 x io_2.

Using this approximation and a value of 0.01 for Cd, the

velocity was 0.5 cm/s during 78921A and 78922A. Velocities of 2.8

cm/s and 0.4 cm/s respectively were measured B in above the sediment.

Velocities of up to 1 cm/s are estimated for the more typical
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shallow water drops. During periods of small current, suspended

sediment may contribute significantly to offshore flow.

CONCLLJS IONS

1. The dissipation information is consistent with the model of a

classical turbulent boundary layer

a) Profiles of dissipation rate are consistent with the

existence of a layer in which production and dissipation of

kinetic energy are nearly equal.

b) Values of u,, calculated from the profiles are correlated

with the friction velocity calculated from the mean currents.

During long periods of steady mean current this correlation is

very good (r 0.988)

c) Values of K = k uz are in agreement with eddy coefficients

calculated directly from temperature-gradient spectra for all

sequences except 78922A. Agreement is found for this sequence

and 78921A when the stratification caused by the large sus-

pended-sediment concentration gradient is taken into account.

2. At approximately 100 m depth the suspended-sediment distribu-

tion in the boundary layer is explainable by a model balancing

gravitational settling and turbulent diffusion except in two cases,

sequences 78921A and 78922A. Particles are trapped in the layer by

a region of near-molecular diffusivity. At 180 m neither of these

statements is true.

a) Models assuming that the eddy coefficient for suspended

sediment is equal to kuz fit the 100 m data significantly



better than models assuming mixing independent of depth.

b) It is not possible to distinguish between models neglecting

particle settling and those including it on the basis of

goodness of fit. The lack of a particle source at the bottom

(given the observed currents) suggests that settling is neces-

sary to maintain the near-bottom concentration increase.

c) Assuming that the flux through the layer is determined by

settling through the region of near-molecular diffusivity, an

apparent particle-settling velocity of 0.005 cm s1 is indi-

cated.

d) In deep water ('200 m) we do not find local equilibrium.

Large changes in turbidity occur within brief periods and a

steady, one-dimensional balance cannot explain these profiles.

3. The presence of suspended matter can affect both stability and

offshore flow.

a) For sequences 78921A and 78922A the observed concentration

gradients imply a buoyancy frequency of 0.5 cph.

b) Contributions to near-bottom cross-shelf velocities of

approximately 1 cm are estimated for the 100 m suspended

sediment concentrations.
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TABLE 1

Friction velocities for shallow water stations

kuz
Sequence u1

-1 2 -2
Z

nunther (cm s ) (cm s ) ui/U (cm s

78823A 0.45 20.0* 18.5
78921A 0.15 34* 6.2
78922A 0.04 1.6* 1.6

3
79611A+ 0.41 9.6 1.8 x 10 16.8
79612A 0.50 12.3 1.6 x 10:3 20.5
79612C 0.19 9.4 0.4 x 103 7.8
79612D+ 0.34 6.7 2.6 x 103 13.9
79612D'+ 0.19 3.8 2.5 x 103 7.8
79612E 0.16 6.2 0.7 x 103 6.6
79613A+ 0.22 3.9 3.2 x 10 9.0
(mean) (0.27) (1.0 x 10 ) (10.9)
(standard

deviation) (0.79) (0.9 X 10 ) (5.9)

+ Periods of steady mean current
* 1 hour average currents measured approximately 8 in above the
bottom at 45°20.1N, 124°08.8'W by Dr. Barbara Hickey of the
University of Washington. Other current measurements were
made 59 cm above the bottom.



TABLE 2

Friction velocities for deep water stations

kuz
Sequence u1 U Z 2b091cm
number (cm s )

-1
(cm s )

- 2
(u/tJ) (cm s

79419A * 6.6
794203 0.11 * 45
79421A 0.08 3.0 0.7 x 103 3.3
79422M- 0.18 3.2 3.2 x 103 7.4
79605A+ 0.18 3.6 2.5 x 10 7.4
79606A 0.23 * 9.0

_
79607A 0.24 2.8 7.3 x 103 9.8
796073 0.23 7.8 0.9 x 10 9.4
(mean) (0.18) (2.9 x 10 ) (7.2)

(standard
deviation) (0.05) (2.4 x

3
10 ) (2.2)

25

2K -1
(cm s

1

+

1

3

6

3

+

+ Periods of steady mean current
* Below threshold of current meter. All current measurements made

59 cm above bottom.
Mean temperature gradient not resolved
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TABLE 3

Models for the distribution of suspended sediment

Model Assumptions Predicted profile

I Turbulent mixing
K = constant
S

II Turbulent mixing
K = ku z
$ *

III Turbulent mixing and
settling, K = constant

IV Turbulent mixing and
settling, K = kuz

C(z) = A Jz/K

C(z) A (J/ku) lnz

-w z/K
C(z) = -J/w + Be

ln(C + J/w) mB - wz/K

-w /(ku)
C(z) = -J/w + Bz

ln(C + J,'w ) = mE - w /(ku
S S *
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TABLE 4
-1

Settling velocities (cm s ) from Model IV with several
values of flux

upward downward
-1

Sequence J/w (j.ig9. ) +150 +100 0 -100 -150

78823c .004 .004 .005 .007 .009
79611A .003 .004 .004 .006 .006
79612A .002 .003 .003 .004 .005
79612C .002 .002 .003 .004 .005
79612D .003 .003 .004 .006 .007
79612D' .002 .002 .003 .004 .004
79613A .002 .002 .003 .004 .004
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FIGURE CAPTIONS

FIGURE 1. Profiles of temperature (T), transmissivity (0) and Cox

number. (a) August 1978, (b) September 1978, (c) April 1979

and (d) June 1979. The gap in the 1978 data at approximately

83 m was caused by a failure in the recording system.

FIGURE 2. Dissipation rate, c, vs. distance above the sediment for

profile 79612E2. The solid line is u = 0.16 cm S

FIGURE 3. Dissipation rate scaled by u3 f or the six steady mean

current sequences. These values of u are obtained from the

59 cm current meter assuming a non dimensional viscous sublayer

thickness of 11. The solid line is (kz)1.

FIGURE 4. Comparison of average particle concentration profile for

sequence 79612C with model I (dashed line), models II and IV

(solid line) and model III (dotted line) . Model II and model

IV wjtj-i all values of flux differ less than 5 i.ig1 for z >

30 cm.
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ABSTRACT

An inertial subrange was found in spectra calculated from

vertical profiles of temperature gradient recorded in the bottom

boundary layer of the Oregon shelf. Spectra were calculated for

53-cm vertical segments. An ensemble average of those spectra

that were fully resolved and had high Cox number was compared to

the universal form. Good agreement was found with the Batchelor

form. The high wa.venumber end of the inertial range was resolved.

A relationship between the Kolmogorov constant for temperature, ,

and the Batchelor constant, q, was established, $q2"3 = 0.172

(+0.012). If = 0.5, as determined from atmospheric data, q =

4.95 (4.28 < q < 6.65) and the transition from the inertial to the

viscous-convective range occurs at a wavenunther k = 0.035 kK

(0.021 < k/k < 0.043) where is the Kolmogorov wavenunther.
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INTRODUCTION

Kolmogorov (1941) proposed that the small-scale properties of

turbulent fluids are universal when scaled by factors depending

only on , the dissipation rate for kinetic energy, and V, the

kinematic viscosity, if the Reynolds number is sufficiently large.

In this equilibrium range of wavenumbers, the eddies are statistic-

ally independent of the mechanism which generates the turbulence.

If the Reynolds number is large enough, the equilibrium range will

include an inertial subrange with length-scales large enough that

viscosity is not important. Neither production nor dissipation of

turbulent energy occurs in the eddies in this subrange.

Obukhoff (1949) and Corrsin (1951) independently assumed that

Kolmogorov's hypotheses apply to the distribution of temperature in

a turbulent fluid if the temperature variations are so small that

buoyancy effects are not important. They each deduced the existence

of an inertial-convective range where temperature variance is

neither produced nor dissipated. In this range, statistical prop-

erties, such as the temperature spectrum, depend only on and x

the dissipation rate of temperature variance.

Batchelor (1959) determined the form of the temperature spec-

trum for higher wavenumbers where

important. For fluids with large

is the thermal diffusivity), such

contains two su.branges, the visco

effective but thermal diffusivity

where both are important.

viscous and diffusion effects are

Prandtl number ( >> D, where D

as water, the Batcl-ielor spectrum

is-convective, where viscosity is

is not, and the viscous-diffusive,
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A number of observations of temperature or temperature-gradient

spectra have been made in the ocean (e.g. Grant et al., 1968;

Gregg, 1976, 1977; Nasymth, 1970; Elliot and Oakey, 1976; Dillon

and Caidwell, 1980a). These observations have, in general, two

purposes to determine whether turbulence theory applies to the

ocean and to gain understanding of small-scale flow dynamics.

Comparison with the predicted universal form has been unfavorable

in several cases (Nasinyth, 1970; Elliot and. Oakey, 1976) . Dillon

and Caidwell (1980a) found good agreement with the Batchelor spec-

trum in the surface mixed layer when the Cox number, (<dT2/dz>/<dT/

dz>2) is greater than 2500. They suggest that the broadening of

the spectrum at lower Cox number is caused by contamination by fine

structure.

The inertial subrange has not been identified in vertical

temperature microstructure spectra. Batchelor (1959) suggests that

the Batchelor form may be found even if the Reynolds number is not

high enough for an inertial range to exist. One reason that the

inertial range is not seen in vertical inicrostructure may be that

the turbulence is seldom stationary over large enough vertical

scales (Dillon and Caldwell, 1980a). Fine structure and internal

waves may also contaminate the spectrum (Gregg, 1977).

An attempt to determine whether the inertial subrange ever

exists in the ocean must take these difficulties into account.

Observations should be made in a region of small stratification so

that the vertical component of the turbulence is not suppressed.

High Ccx numbers and a lack of fine structure will prevent contam-
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ination of the spectrum. The bottom layer on the Oregon shelf

satisfies these conditions (Caidwell, 1976, 1978; Newberger and

Caidwell, 1980). Furthermore, the spectral cutoff (defined to be

the wavenuniber at which the temperature-gradient spectrum falls to

10% of its maximum) often occurs at very high wavenumber so that

part of the inertial range, if it exists, will be reached in spectra

from regions of small vertical extent.

THE DATA

Sixteen vertical profiles (Fig. 1) of temperature and tempera-

ture gradient were made in a 2.5 hour period in 85 m of water on

the Oregon shelf (45°N) on October 22, 1977. The profiles were

made with one freely-falling microstruc-ture instrument and during

the sampling period no changes were made affecting the descent rate

of the instrument. This instrument responds quickly to changes in

the vertical velocity of the water (Dillon and Caidwell, 1980b) so

that the speed of the instrument through the water (9.1 cm
1)

did

nct change during the sampling period.

Temperature-gradient spectra, corrected for thermistor response

(Dillon and Caidwell, 1980a), were calculated for each 53 cm segment

(512 points) of the bottom layer for each of these profiles. Of

these Segments, 77 were chosen for this analysis. There were three

factors determining which segments were chosen. First, the Cox

number for each chosen segment is large (>2000) (Dillon and Cald-

well, 1980a) - Second, the cutoff wavenumber (the wavenurither at

which the spectrum falls to 10% of its maximum value) lies within
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the range of resolved wavenwnbers. Finally the spectrum was re-

quired to be clearly above the level of instrumental noise.

Taylor's hypothesis is required to express vertical raicro-

structure spectra in terms of wavenumber. Lumley (1965) has shown

that violations of this hypothesis caused by large turbulent inten-

sities can cause distortion of the high wavenumber spectrum. The

distortion depends on the relative magnitude of the typical turbu-

lent velocity fluctuation, u', and the advection velocity, here the

instrument descent rate, 9.1 cm s1. The mean current, measured by

a nearby current meter, varied

experiment. Using the usual e

= LJ/30), u is at most 0.7

u, are comparable and Lumleys

this magnitude, distortion due

THEORETICAL BACKGROUND

from 10 to 19 cm s1 during this

timate for the friction velocity, u,

In the bottom layer u' and

analysis indicates that with u' of

to this effect is negligible.

The one-dimensional Eatchelor spectrum for the temperature

gradient can be written as (Gibson and Schwarz, 1963)

s(k)
1/2 1/2 -1

q x kB D1 f((2q)1"2 k kB') (1)

where q is a universal constant, kB the Batchelor wavenuinber (kB =

(v1 D2)4), the dissipation rate for kinetic energy, v the

kinematic viscosity, D the thermal diffusivity and x the dissipation

rate for temperature variance satisfying

x = 6D
j

s(k)dk = 6D(). (2)
dz

0
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The universal function f is given by

-1/2 2
f() = (2r) (exp(-l/2 ) - f exp(-l/2 y2)dy). (3)

The transition from the inertial to the viscous-convective range

occurs at wavenumber k = C Pr"2 kE = C k where kK is the

Kolmogorov wavenuither (kK = (3)14) Pr is the Prandt]. number

(Pr v/D) and C is a universal constant. For wavenumbers in the

inertial range

-1/3 1/3
S(k) = 8x k (4)

where is also universal. The three constants, , q and are

related by the requirement that the spectrum be continuous at

so that there are two independent constants that must be determined

to describe the predicted spectrum.

Caidwell et al. (1980) have shown that for vertical temperature

gradient spectra the cutoff wavenuxnber is related to the Batchelor

wavenumber. For the Batchelor spectrum, the relationship depends

only on the universal constant q. Numerical evaluation of (3)

shows that the universal function f falls to 10% of its maximum

when the arguement is equal to 2.225. This implies that the

cutoff occurs at k = ctkB where c = 2.225(2q)l/2. This relationship

can be used to define a scaling wavenumber k akK
cLPr 1/2

kB.

The spectrum is then non-dimensjonajjzed by multiplying (3)

and (4) by (kX')

-11 1/2 1/2. -1/2
S(k){k v r = ci(7rqPr) fj2q) Pr a.K), K (5)

S

-1 4/3 1/3
s(k){k 'ix = K , K < K < K* (6)

S 0
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where K = k/k is the non-dimensional wavenuirther, K k/k and

K s the low wavenumber end of the inertial range. In this form

(Fig. 2) the spectrum above K* is independent of all parameters

except the Prandtl number (ciq'2 is constant), but values in the

inertial range depend on both q and 8.

There have been various attempts to evaluate the universal

constants 8 q and C. The IKclmogorov constant 8 is best known.

Williams and Paulson (1977) found 0.5 from atmospheric measure-

merits. Paquin and Pond (1971) found 0.4 also in the atmosphere.

Grant et al. (1968) found 0.31 iii the ocean, while Gibson and

Schwarz (1963) found = 0.35 + 0.05 (standard deviation) in the

laboratory.

Grant et al. (1968) estimated q 3.9 ± 1.5 and = 0.024 +

0.008 (standard error estimates) , Gibson (1968) suggested on theo-

retical grounds that
31/2

< q < 2(3)1/2. Gibson et al. (1970)

found C to be 0.03 and 0.04.

THE SCALED SPECTRUM

If the universal scaling is appropriate to the spectra from

the bottom layer, the non-dimerisionalized spectra should collapse

to the form of Figure 1. Although there is considerable scatter at

the low wavenumber end where each point represents a single spectral

estimate (Fig. 3), good agreement with the universal form is re-

vealed when the spectra are ensemble-averaged (Fig. 4) - The three

lowest wavenu.mbers do appear to lie in the inertial subrange. The

values of the averaged spectrum at the inertial-range points to-
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gether with equation (6) imply that ct4"3 = 0.318 (standard dewia-

tion of the mean 0.020) . This is equivalent to Bq23 = 0.172

(standard deviation of the mean 0.012). Limits can be placed on

these estimates by considering the largest and smallest values of

such that equation (6) lies within the standard error of the

mean for each of the inertial-range points. Thus 0.256

0.347 and 0.140 < ,q2"3 < 0.190. The wavenumber for transition

from the inertial range can be determined from the intersection of

equations 5 and 6 with = 0.318 and occurs at = 0.049

(0.035 < < 0.057). An independent estimate of c, from velocity

spectra for example, would be required to evaluate the constants

separately.

Atmospheric data are more extensive and probably more accurate

than oceanic measurements. In the inertial range, the difference

in viscosity of air and water is not important. Therefore we

assume 0.5 (Williams and Paulson, 1977) to determine q and C.

We find that q = 4.95 (6.65 q > 4.28) and C = 0.035 (0.021 <

C < 0.043). If in fact = 0.31 (Grant et al., 1968), the lowest

estimate of , q = 2.42 and C = 0.047. Experimental evidence

tends to support the lower value of C,.

CONCLUSIONS

The inertial subrange is observed in temperature-gradient

spectra from microstructure data recorded in the bottom layer on

the Oregon shelf. Good agreement is found for higher wavenumbers

between the ensemble averaged spectrum and the Batchelor form. A
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relationship between the universal constants and q, q2"3 =

0.172, is established. If = 0.5, as indicated by atmospheric

measurements, q = 4.95 and = 0.035. These observations were

made under conditions nearly ideal for the existence of fully

developed turbulence. In this case the inertial range exists, but

such favorable conditions may be uncommon in the ocean.
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Figure Captions

Figure 1. A typical temperature profile. The solid lines indicate

the 53 cm segments from which spectra were selected for this

particular profile.

Figure 2. The theoretical scaled spectrum for

4/3
a) = 0.576 (3 = 0.5, q = 2.0)

b) = 0.318 ( = 0.5, q = 4.95)

4/3 1
c) = 0.248 ( = 0.31, q = 2(3)

/2)

Figure 3. The seventy-seven non-dimensionalized spectra.

Figure 4. The ensemble averaged spectrum. The bars represent the

standard error of the mean; the solid line is the Batchelor

spectrum.
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