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Abstract

W have used |ong-term measurenents of near-bottom velocities at four
heights above the sea floor in Norton Sound, Al aska, to conpute hourly val ues
of shear velocity wu., roughness Z, and bottomdrag coefficient cp Maxinmm
sedi nent resuspension and transport, predicted for periods when the conputed
val ue of wu, exceeds a critical level, occur during peak tidal currents
associated with spring tides. The fortnightly variation in u* is correlated
with a distinct nepheleoid | ayer that intensifies and thickens during spring
tides and dinminishes and thins during neap tides. The passage of a storm near
the end of the experiment caused significantly higher u* values than those
found during fair weather. W attribute these increases inu,tosStronger

bottom currents and | arger surface waves.




INTRODUCTION

The nost inportant dynamc paraneter controlling the transport of
sediment in the bottom boundary |ayer over continental shelves is the bottom
shear stress Ty. Historically, nost estimates of 7y in both naturaland
| aboratory settings have been nmade by measuring the flow velocity at one or
more hei ghts above the bottom and applying an appropriate boundary-|ayer
equation that relates the bottom shear stress to the velocity field. For
exanple, in steady unidirectional turbulent flow over a flat bed whose only
bottom irregularities are uniform sand grains, T, can be calculated from the

relati ons (sSchlichting, 1968):

T, = pulp, (1a)

_u =1 1n(*z), (1b)

u*b k

where u is the current speed at a height z above the bottom, P is the fluid
density, k is von Karman's constant (0.4), u*,is the bottom shear velocity,
and Z. is a roughness parameter. Equation (Ib) applies within the turbul ent
lower part of the velocity profile, conmonly referred to as the logarithmc
zone; over continental shelves, this zone is within about 10 mof the sea
floor (Wimbush, 1976). Sternberg (1968) found that approximately 85 percent
of the vertical velocity distributions neasured in six different tidal
channels fit the logarithmc velocity profile given by equation (Ib). Qher

velocity-profile neasurements in dominantly shallow tidal flows also

denonstrate the applicability of equation (Ib) in estimating uay,




(Bowden and ot hers, 1959; Mccave, 1973; Snith and MlLean, 1977).

Two major difficulties that arise in applying equation (lb) to natural
boundary-layer flows involve situations (1) where bottom irregularities or bed
features exi st whose vertical length scales exceed that ofthe sedinentary
grains at the bed surface, and (2) when active sediment transport of bed Ioad
and near-bottom suspended |[oad occurs. Smth and MLean (1977), who
consi dered these problems, presented methods for dealing with the changes in
shear velocity us that result. In particular, when nore than one vertical
scal e of bed roughness is present, Smith and MLean argued that the velocity
profile is separated into vertical zones that reflect the scales of these
roughness elements. They suggested that equation (lb) applies within each
vertical zone and that Z for that zone is related to a particular physical
roughness scale. For exanple, if the bottom consists of well-sorted sand
grains and regularly spaced asymetric sedinent ripples, the slope of the
velocity profile above these features changes at a height determined by the
transition from a layer dom nated by skin friction over the individual sand
grains to an upper layer in which the form drag inposed by sediment ripples on
the flow is domnant. This change in the velocity profile signifies a
corresponding change in ue and Z, which in the lowest layer (where uy = ugy)
are the appropriate parameters associated with skin friction acting on the

surficial sedi mentary grains.

Wen u,y, exceeds the value necessary to initiate bed-load transport, Z
is effectively proportional to the excess shear stress (Smth and MLean,
1977) and exceeds the values of Z commonly given for turbul ent boundary

| ayers {8chlichting, 1968).




An additional problemin estimating u, at the sea floor arises when
surface waves generate bottom velocities (and stresses) that are of magnitudes
conparable to those typical of the mean flow Smith (1977) and Gant and
Madsen (1979) showed that the wave and current stresses are nonlinearly
coupled and that the net effect is to increase the mean stress above the val ue
it would have if waves were absent. Both Smith (1977) and Gant and Madsen
(1979) also showed that Z. values derived from velocity-profile neasurenents
when waves and quasi-steady currents are both significant are increased by
wave-current interaction. Gant and Madsen suggested that sone of the
anonal ously high values of z reported by other researchers can be explained

by this effect.

The estimates of u* reported here were derived by the logarithmc-profile
met hod, using neasurenments of near-bottom current velocities on an open
continental shelf. The datawerecol |l ected in outer Norton Sound, Al aska,
during an 80-day period fromJuly 8 to Septenber 26, 1977, using an

instrunented, in-situ bottomtripod (GECPROBE; Fig. 1).

Cacchione and Drake (1980) and Drake and others (1980) have docunented
the inportance of |ate-sunmer, early-fall storms in causing high rates of
sedi nent transport throughout outer Norton Sound. They found that storm-
driven bottom stresses are often |arge enough to resuspend surficial deposits
at the CEOPROBE site and thereby enhance removal of these deposits by the
regional northward flow In addition, Drake and others (1980) also argue that
during the nore persistent fair-weather regine, tidal bottom stresses are

significant in the near-bottom transport of sediment derived from the Yukon



River (Fig. 1), which occurs at relatively lower rates than during storms but

over prolonged durations.

In this report we discuss the variation of u, during fair-weather periods
and enphasi ze the diunal and fortnightly tidal influence. W also include
brief discussion of additional contributions to u, during periods of high
surface waves. Cacchione and Drake (1980) have already used these data to
show t he influence of stresses due to surface waves on nmean or quasi-steady
stress, as predicted by the theoretical formulations of Smith (1977) and G ant

and Madsen (1979).

METHODS

The CEOPROBE system is an instrumented tripod designed to make onsite
near - bott om measurenments of currents, pressure, tenperature, and |ight
transmission and scattering, and to photograph the sea floor over durations of
about 3 nonths (cacchione and Drake, 1979). During 1977 the GEOPROBE was
depl oyed in Norton Sound in 18-m nmean water depth about 60 km south of Nome,
Alaska (Fig. 1). Data were obtained at a basic interval of 1 h over a 3-nmp
period and recorded on a digital cassette tape. Two orthogonal conponents of
horizontal current were neasured with spherical electromagentic (e-nm current
sensors at four heights-- 20, 50, 70, and 100 cm  above the sea floor
(Cacchione and Drake, 1979). At the hourly basic intervals, each conponent of
current was sanpled in a burst node, once each second for a one-mnute
duration; bottom pressure was sanpled at the same rate. Current speed and
direction were neasured with a savonius rotor and vane, respectively, at
hourly intervals. These latter neasurements provided a consistency check on

the e-m current-neter data.




The e-m current-meter data were treated as fol |l ows. First, individual
pairs of velocity conponent measurenents, uy and vy, at each vertical [evel
were rotated to provide north-south (v) and east-west (u) conponents. The
rotation angle was deternmined from photographs of an underwater conpass
nmount ed on the GEOPROBE and was corrected for nagnetic declination; the

accuracy of this procedure is about 15°.

Burst neans (u,v) for each conponent were then cal cul ated over the one-minute
sanpl e durations:
60 60

u=1I V=1Ivi. (2)

iz

Burst mean current speed s and burst mean current direction 6 were also

computed for each one-mnute burst:

<1

s T(U-+v2 )4, 6 =tan!

(3)

e,

A total of 1,920 values of s and 6 were thus obtained over the 3-nonth

experinment. The s val ues compared favorably with the hourly current speeds
measured with the Savonius rotor, except during periods of relatively high
surface waves (wave heights »1 n), when rotor values were spuriously |arge

(“punped up”; Karweit, 1974).

Because significant wave-induced stresses can interact nonlinearly with
the quasi-steady stresses (Smith, 1977; Gant and Madsen, 1979)and thus
modi fy equation (Ib), it is inportant to identify periods of significant wave

activity during the experiment. Variance estimates of the current speed were




computed t 0 indicate these periods of increased wave activity.

Shear velocity u* and bottom roughness Z. were determined for each hourly
set of one-minute averages of current speeds s by fitting to a |east-squares
curve, using equation (Ib) to the e-mthe current-nmeter data obtained at the
four heights. A regression coefficient r and standard error were also

conmputed for each |east-squares curve.

RESULTS

During fair-weather periods, bottomcurrents at the GEOPROBE Site
(Fig. 1) were characterized by mxed rotary tidal currents strongly polarized
in a WNW=ESE orientation and by a weaker northerly nean flow During storny
periods, noderate northerly w nd-driven bottom currents and intense
oscillatory wave currents were al so observed (Cacchione and Drake, 1980).
Figure 2shows part of the current record taken with the e-mcurrent nmeter at
100 cm above the sea floor. The mxed-tidal oscillations and fortnightly
tidal cycle are readily apparent in the speed data. The east-west current
speeds are larger than the north-south current speeds and contain a pronounced
diurnal periodicity. Harnonic tidal analysis shows that the K tidal
constituent is the nost energetic and that the K, tidalellipse has pronounced
WNW-ESE orientation; the ratio of major to minor axis length of this ellipse
(x1)is about 10:t. The relatively low daily averages (“sticks”) in curve
em 1 (Fig. 3)indicate a generally weak northerly flow (about 3 cm's). Tidal
and hi gher frequency notions in the current data have been renoved fromthe
daily mean currents (Q. The nontidal northerly current on July 25 and 26 was

associated with an increase in wind speed. The effects of this event on the




conput ati ons ofu, “are discussed | ater

The variance of current speeds for each e-m current neter over the period
July 8-Septenber 8 are plotted in Figure 3. Significant increases in variance
estimtes above generally |ow values occur infrequently, most notably on July
25 and after Septenber 1 (Fig. 3). The higher variance values on July 25
correspond to the higher nontidal daily-averaged currents shown in Figure 2.
Late on July 24, weather records from the National Wather Service, Nome,
indicate that hourly wind speeds increased to 15 to 20 knots; these higher
winds persisted until early on July 26. Wnd directions were persistently
from the south-southeast throughout that time. The bottom pressure data taken
on the GEOPROBE during this period indicate that wind waves increased on July
25 to about I|-m heights (data not shown), wth corresponding wave-induced peak
current speeds of about 15cms (measured with the e-mcurrent meter at 1 m
above the sea floor). These wave currents were the highest recorded during
the period July S-September 1. After Septenber 1, the energy levels in wave-
i nduced bottom currents increased substantially in response to the nore
frequent passage of intense storns. The high variance values during the

peri od Septenber 3-8 were caused by high wave currents (Fig. 3).

Hourly values of u* and current speed at 100 cm above the sea floor
{ugpg) are shown in Figure 4. H gher valuesof us and Ugregularly occur
during spring tides at peak values of about 3.5 and 33 cm/s, respectively.
The fortnightly rhythmic pattern in these paraneters is also easily
discernible in Figure 4. The bottom roughness Z. has a nore irregular
variation not readily correlated with the spring-neap cycle. The reason for

this erratic variation in nmeasured z, is unknown; however, as discussed




earlier, sediment transport during periods when ue > u., could significantly
alter the value of z, (Smith, 1977). The estimated value of U‘ for surface
deposits at the GEOPROBE site is about 1.3 cm/s (mean grain size i S 70 um);
(Cacchione and Drake, 1979). This value of u., was derived from the nodified
Shield s curve shown by Smith (1977), applicable for uniform flow over a
noncohesive sedinent bed. The drag coefficient CD, conputed from cy-

(use )°, is plotted for conparison with previous estimates (for exanple,

100
Sternberg, 1968; McCave, 1873).

DI SCUSSI ON

although the conputation of u* and Z. was carried out for each of the

hourly sets of e-m data points, as discussed above, it is useful to exam ne
the accuracy of fitting a curve (in the least-squares sense) using equation
(Ib) to the burst-averaged speed data. A summary of correlation coefficients
r, which are estimates of the goodness of fit of the |east-squares curve to
the data points (Davis, 1973),is shown in Table 1. The |arge nunber (approx.
80 percent of r values greater than 0.8) indicates the generally good fit of
the | east-squares curve given by equation (Ib) to the entire data set. This
result inplies that hourly velocity profiles in this shelf region are

dom nantly |logarithmc.

Figure 5 plots the relation of r*and U,. In general (except fOr about

5 data points in the middle of the diagram), |ow values of roccur at the |ow

2

val ues of u, (<10 Cm/s); conversely, high values of r° predom nantly are

I oo

correlated with high values of U,(> 10 cm/s). This result suggests that

the vast majority of poor logarithnmic fits to the data occur at tines of |ow




currents. This result is not surprising because lowbhottomcurrents, |ike
periods of |ight surface winds, could be expected to vary considerably in both
speed and direction in the bottom boundary |ayer and thus to deformthe

vel ocity profile.

W have al ready shown that the measured u* values at tinmes exceed U,
( 1.3 cms)* Figure 4 indicates that significant bottom-sediment movement at
the GEOPROBE sSite occurs on a fortnightly cycle, during periods of spring
tides. Evidence for this rhythmc pattern of sedinent novenent associated
with the tidal cycles during fair weather is also found in the bottom
phot ographs and |ight-scattering neasurenents taken with the GEOPROBE. |n
particular, the turbidity in the water at about 2 m above the sea floor (as
detected with the GEOPROBE nephelometer) i ncreases and decreases with the
spring and neap cycles, respectively. During peak spring tides, bottom
phot ographs are totally obscured by the increased turbidity of the water.
Since the critical bottom stress is exceeded during spring tides (Fig. 4),
| ocal resuspension of bottom material probably occurs, and the increased
turbul ence causes upward mixing of the suspended materials. This mxing could
create a bottom turbid layer that dimnishes and thins during tinmes of |ow u*
{neap tides). Turbid bottom|ayers (nepheloid | ayers) have been reported in
ot her continental -shelf areas (Drake, 1976; Pak and 2zaneveld, 1977), al though

their precise nechanismis unresolved.

We note both the varying and periodically high values of neasured Z
(Fig. 4). The average value of z, for the period July 8-September 8 was about
2.2 cm simlar high values of Z. have been reported for tidally dom nant

flows using current-nmeter-profile data (Kagan, 1971). Measurenments of Z in a
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shal | ow- marine environnent al so show considerable scatter (from 10°to

10°cn) 4in any onelocality overa range of hydraulic-flow conditions

(Heat her shaw, 1976).

The actual physical bottomroughness at the GEopPrOBE site was difficult
to determ ne from bottom photographs because of the high turbidity.
Shi pboard underwater television and 70-mm bottom photographs taken two days
after deploynent of the GEOPROBE reveal a sedinmentary surface characterized by
| ow ani mal - generated nounds and burrows, with typical horizontal scales of 2
to 20 cmand vertical scales of 1 to 10 cm  The largest nunber of these
features appear to protrude about 4 to 8 cm above the general bed level. A
few isolated short-crested incipient sediment ripples also are scattered about
the GEOPROBE site. The infrequent occurrence of ripples in this area is
probably due to the relatively high silt content of the surface deposits and
the active destruction of these features by the abundant organisns. |If a
physi cal roughness ks of 6 cmis used to represent the bed, Z, estimted from
‘o = kg/30 (hydraulically rough flow), would be about 0.2 cm (schlichting,
1968), a value ten times smaller than the mean neasured value of Z. determn ned
fromthe velocity profiles. The reason for this discrepancy is unknown, but
the estimate for kg here is based on an extremely limted nunber of
phot ographi ¢ observations of |ow accuracy. Qher researchers have reported
| arge values of neasured Z. based on velocity-profile neasurements on

continental shelves (Scott and csanady, 1976).

As pointed out earlier, Snmith and MLean (1977) showed that Z. should be’

proportional to the excess shear stress when bed-load transport is occurring




£, =Ty - T 4 2 Ty > Tes (4)

Tps - plg

where T, = pufc + Pgis the density of the local sedinent, g is the
gravitational acceleration, z;is the N kuradse roughness (Schlichting, 1968),
and=_ is an enpirically determned constant (Smith and McLean, 1977). 0(0

was extimated to be 26.3 by Smith and MLean (1977) on the basis of their

vel ocity-profile measurenents in the Colunmbia River.

Equation (4) can be rewitten:

o= 1.63 x 1072(ul, -1.69)+z, (5)

when p_ = 2.65 g/cm3,°<o = 26.3, and w, = 1.3 cn's. Apparently the values of
Z. conputed from equation (5) are considerably below the peak values shown in

Figure 4. For exanple, using a value of way = 3.5 em/s, (z-zy) as deternined

(o]

from equation (5) isabout 0.2. If Z, is about 0.2 cm (see above), Z is

about 0.4 cm

Large variations in ¢, have also been reported previously (Heathershaw,
1976).  Sternberg (1968), using velocity data obtained in six tidal channels
i n Puget Sound, Washington, over a w de range of fl ow and bottom conditions,
calculated a mean ¢ value of 3.1 x 10°; the range in cy val ues was from 0. S7
x 10°°to 11.1 x 1073, The nean val ue of ¢y, using the data shown in figure

4, is 10 x 1073, wenote that hi gh values of e (and Z) are correlated with

| ow values of U, (Fig. 4).

Finally, the relatively large values of u, and U_on July 25 are a

result of the increased current speeds and bottom stresses caused by w nd-
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driven currents and surface waves. Measured oscillatory currents during the
peri od July 25-26 had peakx speeds of 15 em/s at 100 cm above the sea floor;

the average wave period determned from the burst pressure over 10 consecutive
bursts was about 6.8 s. The hourly u, values (reported in Fig. 4) during the
period of increased wave stresses on July 25 (as well as after Septenber) are
probably underestimated. Smith (1977) and Grant and Madsen (1979} have shown
that oscillatory wave stresses can interact nonlinearly with the quasi-steady
stress conponents to increase the quasi-steady part. This wave-current
interaction during the periods of increased wave activity, particularly
Septenber 7 to 17, 1977, in Norton Sound, is discussed el sewhere (cacchione

and Drake, 1960).

CONCLUSI ONS

Mre than 80 percent of the measured velocity profiles taken with the
GEOPROBE in Norton Sound vary logarithmcally w th distance above the
bottom Nonlogarithmic profiles generally occur during periods of |ow
currents associated with turning of the tide. Logarithmicity of the profile
persisted throughout periods of increased nontidal bottom currents, probably

caused by higher local wnd stress.

Diurnal and fortnightly variations in u, and U,k appear throughout the
measurenments.  Both ¢ and Z. al so show di urnal periodicities, although NO
fortnightly cycles are discernible. The values of ey are higher than previous
estimates for tidally dominant flows (Sternberg, 1968; McCave, 1973); however,

unli ke those of previous studies that were carried out in tidal channels, our

measurenents were obtained in the mouth of a w de enmbaynent onanexpansive
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continental shelf. The mean values of ey and z, over the 65-day period were

(o]
10 x10-° and 2.2 cm respectively. This nean value of Z. 1is considerably
larger than that predicted for hydraulically rough flow over a bottomwith

irregul ar random roughness elenments of 4- to 8 em heights.

A distinct bottom nepheloid | ayer persisted throughout the experimental
period; the turbidity and thickness of this layer increased in response to
hi gher values of wus during peak tidal flows. During maxinmum tidal currents,
and particularly during spring tides, values of us exceeding u.. indicate
resuspensi on and transport of bottom materials. The increased turbulence
associ ated with higher u, values probably caused the near-bottomlayer to
thicken and to intensify in turbidity. Waker nean regional flow probably
advects the suspended materials northward away fromthe Yukon prodelta.
Apparently, during fair weather this flow renoves |arge anounts of the fine
sedi ment supplied to the region by the Yukon River. Drake and others (1980)
di scuss the roleof regional flow and stormgenerated currents in transporting

Yukon-derived naterials into the Arctic basin.

The data reported here yield the |ongest continuous estinmates of u., Z,
and CD yet reported for a bottom boundary layer on an open continental

shelf. Simlar neasurements in other continental-shelf areas, as well as

ot her geol ogi ¢ and geophysical data collected with the GEOPROBE system shoul d

increase our understanding of the response of surface deposits in particular

regions to bottom stresses driven by different physical mechanisns.
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Figure Captions

Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.

Bat hynetric chart of Norton Sound, Al aska, showing l|ocation of

GEOPROBE (A) during July-Septenber 1977.

Time series of currents measured at 100 cm above sea floor with
GEOPROBE e-m current meter, showing variations in current speed U,
(@);current direction (b), east(+)-west(-) conponent u (c), |,

north(+)=-south(-) conponent v (d), and daily-averaged speed vectors

(“sticks”).

Variance of burst-averaged current speeds for GEOPROBE e-m current
nmeters at 20 (cm), 50 (em2), 70 (cm3) and 100 (cmd) cm above sea

floor. Horizontal axis is marked at 4-day intervals.

Ti me-series values of shear velocity (u,), current speed at 100 cm
above sea floor (u,y,), drag coefficient (CD), and roughness (z,)
during period July 8-Septenber 10, 1977. Horizontal axis is marked

at 6-day intervals.

Fig.5. Square of correlation coefficient (r?) obtained for least~squares=-

fitted curves to current-neter data and current speed at 100 cm above

bott om ‘u1oo)'
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