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Abstract: Acoustic Doppler current profilers are deployed to measure both the mean flow and turbulent properties in a channel with
significant curvature. Direct measurements of the Reynolds stress show a significant asymmetry over the tidal cycle where stresses are
enhanced during the flood tide and less prominent over the ebb tide. This asymmetry is corroborated by logarithmic fits using 10 min
averaged velocity data. A smaller yet similar tendency asymmetry in drag coefficient is inferred by fitting the velocity and estimated
large-scale pressure gradient to a one-dimensional along-channel momentum balance. This smaller asymmetry is consistent with recent
modeling work simulating regional flows in the vicinity of the study site. The asymmetry in drag suggests the importance of previously
reported bed forms for this channel and demonstrates spatial and temporarily variations in bed stress. Secondary circulation patterns
observed in a relatively straight section of channel appear driven by local curvature rather than being remotely forced by the regions of

significant curvature only a few hundred meters from the measurement site.
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Background and Introduction

Channel curvature and the complex bathymetry of many estuaries
and tidal channels have been shown to produce significant sec-
ondary currents. Cross-channel depth variations can produce
baroclinic flows (e.g., Dronkers 1986) in the presence of stratifi-
cation and centrifugal acceleration can also add a significant cir-
culation in the cross-channel plane. It has also been suggested
(e.g., Lacy and Monismith 2001; Seim and Gregg 1997) that
strong secondary currents might play an important role in mixing
out lateral and vertical gradients of momentum and scalars, result-
ing in a reduction of longitudinal dispersion as well as having an
important influence on sediment transport (Geyer et al. 1998;
Woodruff et al. 2001)

A simple analytic model of secondary flow induced by curva-
ture was shown to compare well with laboratory results by Kalk-
wijk and Booij (1986). They found that for a logarithmic stream-
wise flow profile, there exists a centrifugal acceleration that is
largest toward the water surface and decreased nearly linearly
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with depth. This acceleration is balanced by an opposing cross-
stream pressure gradient. The resulting secondary currents are
directed toward the outer bank near the surface with a flow to-
ward the inner bank near the bottom. More recent studies have
addressed how stratification complicates and modifies this simple
circulation model. For gentle bends, there is a lateral density gra-
dient and baroclinic forcing which opposes the curvature induced
flow (e.g., Chant and Wilson 1997; Chant 2002). Seim and Gregg
(1997) identified a baroclinic Froude number criteria which deter-
mines whether the centrifugal circulation became strong enough
to overturn, and hence mix, the density field. Lacy and Monismith
(2001) show that stratification is stable over most of the tidal
cycle in a channel in San Francisco Bay indicating that in a strati-
fied tidal channel, friction is less important and stratification al-
lows secondary currents to persist. More recent measurements by
Vennell and Old (2007) agree with the Kalkwijk and Booij (KB)
theory, yet find slightly more elevated secondary flows for com-
puted drag coefficients based on longitudinal velocity profiles.

There has been very little work to date that looks directly at
linkage between secondary currents induced by channel curvature
and the potentially increased vertical mixing and turbulent
stresses curvature can create. Recent advances have permitted use
of an acoustic Doppler current profiler (ADCP) to effectively es-
timate Reynolds stresses in estuarine and river flow environments
(e.g., Lohrmann et al. 1990; Rippeth et al. 2003). This method,
which relies on comparing the variances of the velocities for op-
posing ADCP beams is known as the “variance” method. In order
to employ this method, single ping data at a high sampling rate
must be recorded in order to adequately resolve the turbulent
statistics and minimize instrument error (Stacey et al. 1999).

An additional theme explored in this study is the influence of
asymmetric bed forms on bottom shear stress in an oscillatory
tidal flow. Early work on the interaction of flow with bed forms
focused on unidirectional flow and symmetric bed forms. McLean
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and Smith (1986), for example, developed a theoretical model
that divides the vertical flow structure into three regimes. This
work was extended and compared to measurements over dunes by
Nelson and Smith (1989). The results of these analyses were
applied to asymmetric bed forms with success by Wiberg and
Nelson (1992). Typically, asymmetric bed forms are associated
with unidirectional flows, whereas oscillatory flows are expected
to produce more symmetric bed forms. In the tidal channel de-
scribed in the following, however, the net bed load movement is
largely from north to south (Dinehart 2002), even in the face of
nearly symmetric tidal velocities. As such, this paper explores
how asymmetric bed forms interact with an oscillatory tidal flow.
This topic was explored theoretically by Richards (1982), who
found small asymmetries in the bottom drag coefficient between
the opposite phases of the tide. At the field scale, Huntley et al.
(1993) examined the variation of bed stress and the bottom drag
coefficient on opposite tidal phases for a bed with asymmetric
sand waves. They concluded that there was about a 20% differ-
ence in the bottom drag coefficient (0.0025 versus 0.003) between
the two tidal phases, with the larger value when flow was ap-
proaching the steeper face.

This paper reports on a series of turbulent and mean flow
measurements conducted in an unstratified tidal channel with sig-
nificant curvature and with large, asymmetric bed forms. Using a
field site in the San Francisco Bay Estuary system (described in
the following) as an idealized natural laboratory channel, the writ-
ers directly measure the turbulent stresses using the variance
method in a curved channel in the absence of stratification and
significant bathymetric changes in the along-channel direction
(Seim and Gregg 1997). The measured stresses are compared with
mean secondary circulation and also compared against the friction
velocity obtained from log-law fits of the ensemble-averaged
mean velocity. In addition, the writers compare these two esti-
mates of stress with that necessary to close a large scale one-
dimensional momentum balance.

Field Site and Instrumentation

The experimental data used for this study were collected in
January—February 2003 at Three Mile Slough (3MS). 3MS is a
narrow channel in the Sacramento-San Joaquin Delta, Calif. (that
supplies fresh water to the San Francisco Bay estuarine system);
it is tidally active and contains freshwater throughout most of the
year. It is arguably the most important channel in the San Fran-
cisco Bay-Delta system as it is a direct conduit between the Sac-
ramento and San Joaquin Rivers. These two rivers are both tidally
influenced; therefore, the tidal forcing occurs at both ends of
3MS. During flood tides, water is transported from the Sacra-
mento River, through the slough, and into the San Joaquin River;
this flow and transport reverses during ebb tide (see Fig. 1).
3MS is oriented primarily in the north—south direction, it is
5,000 m long (i.e., 3 mi long) and 150-200 m wide, has rela-
tively steep sides, and has two regions of significant curvature
[radius of curvatures of approximately 200 and 400 m (see Fig.
1)]. The mean channel depth is O(5-10) m with tidal velocities
peaking near 1 m s~! and tidal elevation range (low to high water)
approaching 1.5 m during spring tides. The other important fea-
ture is the presence of O(1) m high asymmetrical sand waves
associated with significant sediment transport from the Sacra-
mento River to San Joaquin River (Dinehart 2002). The asymme-
try takes the form of steep faces on the “downstream” side of the
feature, where downstream is used to refer to flow from the Sac-
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Fig. 1. Map of Three Mile Slough field site. (a) Sacramento-San
Joaquin Delta. The location of Three Mile Slough field site shown is
indicated by the gray shaded box. (b) Three Mile Slough field site,
with an inset panel indicating the location of ADCPs with dots. Con-
tours of bathymetry are shown (5 m intervals for the left panel and
2 m intervals for the right panel). Central ADCP used for long-term
pressure gradient calculation indicated by an open square. Sacra-
mento (SAC River) and San Joaquin Rivers (SJR) noted in bold
abbreviations at ends of the channel. Bathymetry data were derived
from access USGS Web site: http://stbay.wr.usgs.gov/access/Bathy/
Delta/download.html.

ramento to the San Joaquin. Such bed forms are commonly seen
in rivers with unidirectional flow, where they constitute an impor-
tant aspect of the overall flow resistance (Smith and Maclean
1977). In contrast, to the best of the writers’ knowledge, their
dynamics and how they affect bottom stressing an oscillatory tidal
flow has received little attention in the past. This bed form asym-
metry may have dynamical consequences: two different numeri-
cal models of the Delta region, both with very different
parameterizations of bed stress, both overpredict flows on flood
tidal currents, (flow from Sacramento to the San Joaquin), yet
accurately predict ebb tidal currents, suggesting some sort of
asymmetry in the 3MS hydrodynamics that may be coupled to
this bed form asymmetry (DeGeorge 2005; MacWilliams et al.
2007). Given these prior observations, it is an ideal test site
to better understand the effects of both asymmetric bed forms
and secondary circulation on turbulent stresses in a tidal forced
channel.

Two 1.2 MHz RD Instruments (RDI) Workhorse Monitor
ADCPs were deployed in overlapping time periods in a central
reach of the channel between two bends of significant curvature.
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One ADCP was deployed approximately 25 m from the northwest
bank (hereafter denoted NW ADCP), whereas the other was lo-
cated approximately 25 m from the southeast bank (denoted SE
ADCP), at a location where the channel is 180 m wide. Each
ADCP collected and stored single ping data at 0.5 Hz for a
2 week period. The single ping data, collected using Mode 1 so
that each ping represents an instantaneous sample of the veloci-
ties, was subsequently used to compute Reynolds stresses using
the variance method described by Stacey et al. (1999). The NW
ADCP was deployed in slightly shallower water (5.0—6.4 m tidal
range) than the SE ADCP (7.9-9.3 m tidal range).

Due to complications involved in the deployment, the data sets
from the ADCPs overlapped for a period of only 10 days. In
addition, sand waves pushed the initially level NW ADCP over at
an angle approaching 15° during the last 6 days of its deployment
rendering turbulence computations via the variance method bi-
ased (Stacey, et al. 1999). The mean currents during these 6 days
were still resolvable, however. As a consequence of the aforemen-
tioned issues, only 4 days (year days 28-32) are available for
direct comparison of mean and turbulent hydrodynamics between
the two sites. Nevertheless, there appears to be no significant
change in the mean or turbulent flow statistics beyond this 4 day
overlap period; therefore, for much of the analyses contained in
the following, the entire records from both instruments (neglect-
ing the last 6 days of the NW ADCP deployment when looking at
turbulence data) were used to improve uncertainty statistics. The
SE ADCP, which remained flat (tilt <2°) collected nearly 16 days
of mean flow and turbulence data.

Two bottom-moored Seabird 26plus Conductivity, Tempera-
ture, Depth (CTD) recorders at the western and southern en-
trances of 3MS (see Fig. 1) were used to measure density changes
along the channel. For the time period of the ADCP deployments
there were no significant along-channel density gradients ob-
served (not shown). The high resolution pressure time series re-
corded by each CTD are used in the “Discussion” section to
estimate the along-channel pressure gradient. In addition, hourly
CTD casts during year days 30-32 show negligible horizontal and
vertical density gradients (not shown). With no notable density
structure in the vertical or horizontal, this study will be able to
isolate the effects of channel curvature on secondary circulation
and turbulent stresses.

Finally, a moored 600 kHz RDI ADCP measuring mean cur-
rents in the north—south section of 3MS is used to determine the
mean pressure levels at ends of the slough (in conjunction with
the aforementioned moored CTDs), and hence the pressure gradi-
ents in the “Discussion” section.

Data and Analysis

Mean Velocities and Direct Stress Measurements

From the single ping beam coordinate velocity data from the
ADCPs, the Reynolds stresses can be estimated by combining the
statistics (mean and variance) of opposing beams. The along-
beam velocities V; (where i=1-4) can be separated into a mean

V, and fluctuating component V;s for a given averaging period T

Vi= VitV (1)

The Reynolds stresses —u'w’ and —v'w’ can then be computed
using the variance technique as
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Fig. 2. Ten minute averaged along- and cross-channel currents
measured at Northwest ADCP

Vyrt=Vir?
T uw = (2a)
p 4 sin 0 cos O
— Vy2-Vy?
I=—U’W' 4’ T3 (2b)

=4sin60050

where 6=angle of each ADCP beam from the vertical. For the
ADCP models used in this study §=20°. This method is described
in detail by Stacey et al. (1999); the reader is referred to their
paper for a detailed derivation of the method and assessment of its
error. Estimation of the stresses requires that the velocity field be
locally horizontally homogeneous such that each of the four
beams has the same turbulence statistics. Additionally, stationarity
is also a requirement that limits the length over which one can
ensemble average the writers’ correlations. Similar to Rippeth et
al. (2002), the writers’ dominant variability (confirmed by spectra
analysis not shown) is at the semidiurnal frequency, therefore a
10 min ensemble-averaging window is chosen as a compromise
between stationarity and statistical reliability in our turbulence
estimates.

Using a 10 min averaging window, ensemble-averaged veloci-
ties and Reynolds stresses are calculated in a reference frame
aligned with the along-, cross-channel (x,y) coordinate system
(see Fig. 1). This coordinate system is defined using a principal
component variance analysis separately for the flood and ebb
phases tides. There is a small difference in using a coordinate
system that varies depending on tidal flow direction (flood versus
ebb) versus using one principal axis for both flow directions. Be-
cause the secondary circulations are more clearly delineated, the
data presented in the following use two separate coordinate sys-
tems for the different tidal phases.

The 10 min velocities for the NW and SE sites, decomposed
into their along- and cross-channel components, are shown in
Figs. 2 and 3. The along-channel velocities u# at both sites are
similar in both phase and amplitude (r>=0.99 for the overlapping
time period); they exhibit a strongly tidal signal with magnitudes
reaching 0.88 and 0.95 m s~! near the surface for flood tides, for
the NW and SE ADCPs, respectively. During ebb tides, the cur-
rents are almost as large, peaking at 0.75 and 0.78 ms™' for the
NW and SE ADCPs. This asymmetry in current amplitude is a
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Fig. 3. Ten minute averaged along- and cross-channel currents
measured at Southeast ADCP

consequence of the net freshwater transport between the Sacra-
mento and San Joaquin Rivers. As will be discussed in the fol-
lowing, this transported water carries suspended sediment, as
previously observed by Dinehart (2002). The cross-channel ve-
locities v are significantly smaller with magnitudes observed as
large as 0.07 ms~'. The cross-channel velocities are noisy and
consistent with noise levels expected with the specified sampling
rate and 10 min averaging window (~0.015 ms™!). Although
noisy, the transverse velocities exhibit coherence between the in-
struments for the overlapping period, fluctuating depending on the
tidal phase. The coherence of the cross-channel velocities at the
two instruments will be analyzed and discussed in greater detail
below. _

The along-channel Reynolds stresses —u'w’ also exhibit a
strong tidal signature with amplitudes being largest near the bot-
tom and smaller closer to the water surface at both measurement
sites, evidence of bottom-generated turbulence from the tidal
forcing. The along-channel stress exhibits a strong asymmetry
with a bias toward larger amplitude stresses (shown as positive
values in Figs. 4 and 5) during the flood tide in comparison with
the ebb tides (negative values in Figs. 4 and 5). This asymmetry
will be discussed in greater detail in the following. The near bot-
tom stresses are also somewhat larger at the SE ADCP during
flood currents. _

The cross-channel stress —v'w’ is also tidal influenced and
measurable during peak currents, yet is near the noise floor of the
variance technique [0.8 X 1073 m?s72, see Nidzieko et al. (2006)
for details on estimating the noise floor] for large portions of the
tidal cycle and is weaker than the along-channel component of
stress. Because the signal of the along-channel stresses are stron-
ger, attention will be focused on these measurements in the cal-
culations to follow.

As noted earlier, large along-channel stresses are easily dis-
cernible during both flood and ebb from both ADCP records;
however, it appears that the largest amplitude stresses occur dur-
ing the flood phase of the tide. Profiles of the along-channel stress
(which exhibit nearly uniform stress in the bottom few bins) can
be used to extrapolate bottom shear stresses. The bottom stress
can then be plotted as a function of the along-channel velocity
multiplied by the velocity magnitude [chosen at 1 m above the
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Fig. 4. Ten minute averaged along- and cross-channel Reynolds
stresses measured at Northwest ADCP

bed, see Sanford and Lien (1999)] to infer a coefficient of drag C,
(slope of the fit) during different phases of the tide (Fig. 6). For
both instruments, there is a significant elevation in C, during the
flood tide: 0.0166 for SE ADCP and 0.0122 for the NW ADCP.
During the ebb tides, C, is still larger than the canonical value of
0.0025 found over much of San Francisco Bay (Cheng et al.
1999; Gross et al. 1999): 0.0039 for the SE ADCP and 0.0041 for
the NW ADCP. But for flood currents, the measured drag is three
to four times larger than those during ebb. One hypothesis ex-
plaining this asymmetry is the presence of two regions of large
curvature upstream and downstream of our measurement sites. It
will be shown, however, that the secondary circulation induced by
the large regions of curvature is minimal at the writers’ measure-
ment site and discuss other alternative explanations for the asym-
metry in the “Discussion” section.
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Fig. 5. Ten minute averaged along- and cross-channel Reynolds
stresses measured at Southeast ADCP
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Fig. 6. Correlation between measured bottom shear stress and refer-
ence velocity squared: (a) Southeast ADCP; (b) Northeast ADCP.
Coefficients of drag computed from least-squares regression slopes
are indicated for ebb and flood tidal phases. Confidence limits are
derived from bootstrap method and degrees of freedom determined
using an integral time scale for the velocities measured.

Logarithmic Fits of the Mean Velocities

The bottom shear stresses can alternatively be estimated by fitting
the ensemble-averaged velocities to a logarithmic profile. In an
unstratified fluid, the mean velocities are expected to exhibit a
logarithmic profile related to the generation of turbulence from
the shear stress at the bed In this inertial region, the “law of the
wall” takes the form

u

uz)=_" m(i) (3)
K 20

where k=0.41 is von Kdrman’s constant; u,=friction velocity;

and z,=roughness height (e.g., Grant and Madsen 1986). The

apparent bottom stress can then be expressed as the square of the

friction velocity (T/p=u?).

A least squares fit of the 10 min averaged profiles to Eq. (3) is
performed using a minimum of 13 points in the vertical. In addi-
tion, profile fits are rejected if the fit gives a correlation squared
r><0.9. This is a more stringent criteria than used by Cheng et al.
(1999) in San Francisco Bay; these constraints are chosen due to
the relative shallowness of the water column and the number of
velocity points available (the ADCPs recorded velocities at a
0.25 m bin size interval) to perform our fits. Following Gross and
Nowell (1983) and Cheng, et al. (1999), the error Au, is esti-

mated using
1 ( 1= }"2) 172
Au,=tgp no| —— 4
Uy, =1gpN-2 N-2\ ;2 4)

where ¢=Student-t distribution for (1—) confidence interval with
N-2 degrees of freedom (e.g., Glenberg 1988). Cheng et al.
(1999) note that error estimates for z;, are an order of magnitude
larger than for u,. For a specified minimum of ten points and
constraint that the profiles are rejected for r2<0.9, Au,
< *27%. In practice, the writers’ calculations ended up using 13
velocity measurements for all of the profiles for SE ADCP and 24
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Fig. 7. Example velocity profiles (data points shown with squares)
and corresponding logarithmic fits (solid lines) for strong ebb and
flood currents: (a) Southeast ADCP; (b) Northwest ADCP

measurements for all of the NW ADCP fits. At the 95% confi-
dence level, by rejecting profiles with #*<0.9, the maximum es-
timated error is Au,< *=15% for the NW ADCP and Au,
< *£22% for the SE ADCP.

Example logarithmic fits of the along-channel velocities are
shown in Fig. 7. For all of the profiles shown, r2>0.95; following
the error analysis discussed earlier, the error in the profiles shown
are Au, < & 15% for the SE ADCP and Au,, < = 10% for the NW
ADCP.

For each of the along-channel velocity fits with 7>>0.9, the

bottom stress can be estimated by the relationship, T=pu?. These
stresses can then be plotted against the square of a reference
velocity [chosen at 1 m above the bed, see Sanford and Lien
(1999)] to obtain a second estimate for C, (Fig. 8). Similar to the
drag computed from the directly measured Reynolds stresses,
there is an observable tidal asymmetry with C, being significantly
larger (to the 99% confidence level) during the flood tide. For the
NW ADCP, the flood C, is nearly three times as large as that
during the ebb (0.0157 versus 0.0061), similar to the asymmetry
inferred from the Reynolds stresses. Although the asymmetry is
significant, the SE ADCP exhibits a smaller flood—ebb asymmetry
in C; (0.0134 versus 0.0089) using the log-fit method. The differ-
ence is potentially explained by the larger inherent error in the u,,
calculations for the SE ADCP profiles. This explanation would
require, however, some systematic or biased asymmetry in the
measurement error associated with flood versus ebb profiles. The
correlations 7% do not suggest any inherent asymmetry for either
ADCP.

The computed values of roughness height z, do not show any
dependence on the magnitude of the velocity. There is however, a
very small dependence of z, on the direction of the tidal current
(Fig. 9) with a mean of 0.05 and 0.04 m for the NW and SE
ADCPs, respectively, during flood, and 0.02 and 0.03 m for the
NW and SE ADCPs, respectively, during ebb. The roughness
length z; is slightly larger during the flood currents, reinforcing
the observation of enhanced drag during flood currents based on
the friction velocities.

The C,’s computed by the variance method and log fits are
statistically different (see Figs. 6 and 8) for the ebb phase for the
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Fig. 8. Correlation between bottom shear stress (inferred from loga-
rithmic fits for u,) and reference velocity squared: (a) Southeast
ADCP; (b) Northeast ADCP. Coefficients of drag computed from
least-squares regression slopes are indicated for ebb and flood tidal
phases. Confidence limits are derived from bootstrap method and
degrees of freedom determined using an integral time scale for the
velocities measured.

SE ADCP and flood phase for the NW ADCP. These differences
are likely attributable to the assumptions made in performing the
calculations. The Reynolds stress estimate requires a stationarity
assumption for the 10 min averaging window and homogeneity of
the velocity field, and the log fits assume equilibrium velocity
profiles in what is actually a temporally evolving boundary layer
and current field (see Rippeth et al. 2002). It is likely that these
two assumptions are responsible for the small differences in drag
coefficient using the two methods of calculation.
Notwithstanding the smaller log-fit asymmetry at the SE
ADCEP, the existence of the flood—ebb C,; asymmetry for both
current meters, using two independent estimators of the bottom

' - SE ADCP
xR = NW ADCP
»x N X x

20 [m]

Fig. 9. Roughness height z; as a function of along-channel velocity
at the measurement sites. Points for velocities less than 0.05 m s™!
are not shown (due to uncertainty in log fit during slack currents).
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Fig. 10. Difference between surface and bottom cross-channel
velocities as a function of along-channel velocity for (a) Northwest
ADCP; (b) Southeast ADCP

stress, suggests that the asymmetric drag is a real phenomenon in
the locale of our experiment. It is initially surprising, however, to
find an asymmetry where the drag is larger for the flood tides.
Given that the local curvature as well as the extreme region of
curvature upstream during ebb flows, one would expect the sec-
ondary circulation to be enhanced during the ebb phase of the
tide: the stress and drag, however, are smaller for the ebb tidal
currents. On the other hand, if there were highly asymmetric bed
forms in 3MS during the study period similar to those reported by
Dinehart (2002), the previous work of Huntley et al. (1993)
would suggest that larger bottom drag coefficients would be ex-
pected when the flow approaches the steeper face of the bed
forms. This hypothesis, the magnitude of the asymmetry, and the
relationship of the asymmetry to the momentum balance in the
channel are discussed in greater detail in the “Discussion”
section.

Secondary Circulation

One can assess the role of secondary circulation at the field site
by considering the residual velocity as measured in the cross-
channel direction. Because of the noisy nature of these measure-
ments, as noted earlier, the net shear (the difference in surface and
near bottom cross-channel components of velocity) is evaluated
as a function of along-channel currents: the secondary circulation
emerges at both locations (Fig. 10). For both flood tides (positive
along-channel velocity) and ebb tides (negative along-channel ve-
locities), the net circulation in the cross-channel direction is the
same orientation. The cross-channel shears (as defined by the co-
ordinate system shown in Fig. 1) are always positive: flow is
toward the NW bank at the surface and toward the SE bank near
the bottom. This is somewhat surprising. With the presence of two
regions of significant curvature both upstream and downstream of
the measurement sites that are of opposite sense, one might have
expected the shears shown in Fig. 10 to be negative during flood
tide and positive during ebb tides. Instead, a persistent sense
of secondary circulation independent of tidal flow direction is
observed.

The measured cross-channel shears indicate that the regions of
large curvature approximately 400 m upstream and downstream
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of the moorings have little effect on the local secondary circula-
tion. This suggests that although the secondary circulation may be
significant in the large bends within 3MS, the secondary currents
from these regions of extreme curvature spin down short dis-
tances downstream. To test this hypothesis, the writers revisit the
KB theory for secondary circulation in an unstratified channel,
where the relaxation length for secondary circulation Lye,, can be
expressed as

1 -2«

2ak>

Ldecay = (5 )
with H the water depth and « a coefficient that can be related to
C,. Using C;’s previously estimated from the turbulent stresses,
for ebb tides, Lyecay~ 150 m and for flood tides Lgeeyy~ 50 m.
Both of these length scales are significantly less than the distance
between the ADCPs and the large bends upstream and down-
stream. This scaling is an order of magnitude smaller than that
found by Geyer (1993), who found that bottom friction dominated
the decay of secondary flows around a headland, rather than the
relaxation of the secondary current itself. For the case presented
here, Lge,y is much shorter due to the turbulent viscosity acting
on the shear in cross-channel current, and the earth’s rotation does
not play an important role (Wolanski and Heron 1984). The decay
scales reported here are also similar in magnitude, but signifi-
cantly shorter for flood tides than the estimates made recently by
Vennell and OId (2007) in Otago Harbor. This difference is due to
the elevated stress the writers observe during flood tides.

Further, if one uses a simple log-layer drag formulation, and
the C, values, an estimate of the locally induced secondary cir-
culation can be made as well. With some algebraic manipulation
of KB theory, the net residual circulation (or total shear as shown
in Fig. 10) can be estimated by

3(3 3 ulH
NRETERE AL o

K2\2 k R

where R=radius of curvature and |iz]=amplitude of the depth-
averaged along-channel velocity. For a local radius of curvature
of 1,500 m near the ADCPs and the C,; values, Av
~0.04-0.06 ms~! depending on tidal direction and the ADCP
under consideration, similar in magnitude to those shown in Fig.
10. It is worth noting that KB’s model is meant for the central
channel velocities which may be slightly larger than the velocities
closer to the channel banks, as measured by our two moorings.

In spite of the apparent absence of any significant remotely
forced secondary circulation from the regions of large curvature
influencing the two ADCPs, this study illustrates how, in a region
of apparently minimal local curvature, there can still be signifi-
cant secondary circulation.

Discussion

Asymmetry in Bed Forms and Bottom Stress
Estimates

The asymmetry in drag coefficient observed with both the direct
stress measurements and log fits are consistent with the sand
waves (Van Rijn 1993) and asymmetric bed forms observed in
this channel previously by Dinehart (2002). There is significant
sand transport between the Sacramento and San Joaquin Rivers;
the forms reported in Dinehart (2002) and observed during instru-
ment deployment with a boat mounted fish finder (not recorded or
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Fig. 11. Ten minute averaged backscatter intensity during neap tide
measured at Northwest ADCP with 20 dB countour levels. The time-
varying surface elevation is indicated by a bold line.

shown here) are steep-faced sand waves of amplitudes up to 1 m
(2 m, crest-to-trough). However, in contrast to the previous work
of Huntley et al. (1993), the writers find smaller drag for flows
approaching the steep face of the bed forms during ebb tides, and
larger drag for flow approaching the gentler slopes during flood
currents. The observed smaller drag for flow approaching the
steep face reported here is, nevertheless, consistent with the basic
effects of streamlining (e.g., Crowe et al. 2005). For ebb currents
against the steep face, the gentle curvature on the downstream
side of the bed form will minimize separation and reduce the drag
and separation typically associated with flow on the downstream
side of a blunt object. For flood currents, the downstream side of
the bed form will be steep, thus resulting in separation and sig-
nificant drag (Sajjadi and Aldridge 1995).

The drag asymmetry is also reflected in the backscatter inten-
sity measured by both ADCPs. The backscatter intensity can be
used to qualitatively assess the amount of suspended sediment in
the water column (e.g., Jay et al. 1999). A short representative
window of acoustic backscatter measured by the NW ADCP that
clearly delineates the semidiurnal tidal cycle is shown in Fig. 11.
During flood tides, there appears to be much more suspended
sediment both near the bed and higher in the water column asso-
ciated with the higher stress levels. The elevated sediment load is
also consistent with the observed surface slopes shown in Fig. 11
and net channel pressure gradients (not shown). During flood
tides, the pressure gradient and surface slope are larger than dur-
ing ebbs, suggesting that the large accelerative forces associated
with flood tide are responsible for the higher suspended sediment.

The Reynolds stress and logarithmic fits of the velocity pro-
files suggest that there are significant vertical momentum flux and
bottom stresses in 3MS, especially during flood tides. Both meth-
ods yield C, values that are significantly larger than the canonical
value (0.0025) typically observed in previous studies of San Fran-
cisco Bay (e.g., Gross et al. 1999), during both flood and ebb
tides. These elevated and asymmetric stresses have recently been
found to be important in accurately simulating flows in the San
Francisco Bay-Delta System. As noted in the “Field Site and In-
strumentation” section, DeGeorge’s (2005) simulations of flows
in the Sacramento-San Joaquin Delta match observed volumetric
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transport closely during ebb tides (flow from the San Joaquin
River toward the Sacramento River), but model transport exceeds
observed flood transport for all simulated time periods. After the
writers shared the results contained in this study with DeGeorge
and colleagues at the Regional Management Associates (RMA),
the RMA modeling team revisited their two-dimensional simula-
tions using an asymmetric drag.

RMA were able to match observed flows for both flood and
ebb using an asymmetric “Manning’s n” roughness factor with
n=0.028 during ebb tide and n=0.033 during flood tide (J.
DeGeorge and R. Rachiele personal communication, 2007). It can
be shown from open channel flow theory (e.g., Henderson 1966)
and some minor algebraic manipulations that C,, is directly related
ton

I’l2

Ci=g (7)

W
where R,=hydraulic radius (equal to the cross-sectional area di-
vided by the wetted perimeter). For a wide channel (see Hender-
son 1966), R, is approximately equal to the local depth H, and
with H=9 m (the mean depth at the NW ADCP), the equivalent
C/’s for the RMA model can be estimated: 0.0051 and 0.0037 for
flood and ebb currents, respectively.

The asymmetry required to provide a good match between
observed and modeled flow is significant. The choices of n for the
RMA model reflect a C,; value for flood tides that is approxi-
mately 39% larger than the ebb C,. Although this difference is
appreciable, it is also significantly smaller than was found in both
the direct stress calculation and log-fit estimates in the “Data and
Analysis” section. It should be noted, however, that the RMA
model is a quasi-two-dimensional model, and the Manning’s n,
specified in the RMA simulations reflect a global, bulk estimate of
the drag in 3MS, whereas the writers’ stress calculations and log-
fit based drag estimates from the velocity measurements of the SE
and NW ADCPs are local measurements of the bottom drag. It is
likely that the local measurements of drag could be appreciably
different than an average value reflecting the large scale frictional
losses of the entire channel.

To test this hypothesis, one can estimate a bulk C, for
the writers’ observation period by computing a simple, depth-
averaged momentum balance. In the absence of secondary
circulation and significant nonlinear advection or horizontal dis-
persion, a depth-averaged along-channel momentum balance can
be expressed as

it o i + 0

PR P ®
where # and 0=mean along- and across-channel velocities, re-
spectively; m=free surface deviation; g=gravitational accelera-
tion; and H=local water depth.

The pressure gradient term on the right-hand side of Eq. (8)
can be estimated using the pressure records for the CTDs de-
ployed at the entrance/exits to 3MS. In order to determine the
pressure gradient, however, a zero level from which to compute
the surface deviation m at both CTD locations must be estimated.
As a first-order estimate of a zero level for each of the CTDs, the
mean of the pressure observed for each zero crossing in velocity
for a long-term ADCP deployed in 3MS (see Fig. 1) was calcu-
lated for a 3 month deployment period bracketing the high reso-
lution measurements at the NW and SE ADCPs. These mean
pressures were then subtracted from the raw pressure signals to
estimate m at each end of 3MS, and hence, a large scale pressure

T
o8 ——-9dndx i
_ _ dudt+ CulUIH

26 27 28 29 30 31 32
year day (2003)

Fig. 12. Momentum balance with least-squares regression for coef-
ficient of drag (C,): (a) single C, for entire record; (b) separate C, for
flood and ebb tidal currents

gradient over the 5,000 m channel length. This estimated pressure
gradient was further refined for each ADCP separately by consid-
ering the balance shown in Eq. (8) at slack water (i.e., when i
=0). When the water is motionless, Eq. (8) reduces to a simple
balance between the acceleration and the pressure gradient. The
slack force balance can be used to determine a corrective offset to
the present pressure gradient estimate by interpolation of the writ-
ers’ data set to determine the mean acceleration or pressure gra-
dient for slack water.

Next, using this time series of estimated pressure gradients,
observed depth-averaged velocities for each ADCP, and depth
measurements (using the pressure sensor for each ADCP), a least-
squares fit was performed to determine a C,; which best balances
the along-channel momentum described by Eq. (8). The resulting
fit for the NW ADCP is shown in Fig. 12. (Note: only a 6 day
record is plotted in Fig. 12 to accentuate the curve differences
which are representative of the full 16 day record used in deter-
mining the coefficients discussed in the following.) The upper
panel of Fig. 12 is a time series for the sum of the acceleration
and drag terms, using a single C, in the regression, compared
with the estimated pressure gradient. A least-squares fit yields
C,=0.0047; the fit is very good (R?>>0.95), but the pressure gra-
dient term is larger than the sum of the friction and acceleration
terms during flood (positive values) and smaller (in amplitude) for
ebb. On the other hand, a similar regression performed for the
flood and ebb phases of the tide separately (i.e., with a direction
variable C,) yields the momentum balance shown in the lower
panel of Fig. 12. The acceleration and friction term sum balancing
the pressure is improved over the entire record (R>>0.98). The
“phase variable” least-squares fit yields C;=0.0054 for the flood
tide and C,=0.0039 for ebb tidal currents. This difference in C,
(38%) compares well with the asymmetry required by the RMA
model (39%) to match the observed transport in 3MS as discussed
earlier. Similar fits with the SE ADCP record (not shown) exhibit
C/’s of comparable magnitude and asymmetry. The similarity in
the asymmetric coefficients inferred by the momentum balance
and the RMA model is remarkable: the RMA model was cali-
brated to best match volumetric transport, whereas the above-
noted momentum balance only uses depth averaged velocities at
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the ADCPs. The agreement between C, asymmetry is consistent
with the writers’ hypothesis that the stress and log-fit estimated
coefficients represent local drag estimates which can be influ-
enced by local bed form details and local hydrodynamics,
whereas the RMA model calibration and the momentum balance
estimated by Eq. (8) are based on a large scale force balance. It is
likely that the significantly larger drag asymmetry found locally is
due to local bathymetry, circulation patterns, and bottom features.

Importance of Secondary Circulation

As discussed earlier, the secondary circulation measured at the
NW and SE ADCPs appears to exhibit cross-channel flows gen-
erated by local curvature and not the regions of significant curva-
ture upstream and downstream of the measurement site. It is
unclear whether the elevated stress levels during flood and ebb
tides (compared to a canonical value of C,;=0.0025) are due
solely to the effects of the large bed forms in 3MS or whether
there is some contribution due to enhanced turbulence from sec-
ondary circulation. Certainly, there is a measurable (although near
the noise floor of the variance method during moderate and weak
currents) cross-channel stress during peak flows that contribute to
the stress tensor; yet, it is unclear if there is a direct influence on
the along-channel vertical stress divergence.

If one considers the along-channel momentum balance, assum-
ing the along-channel advection term is small (as suggested by
comparison of the SE and NW ADCP records with the long-term
ADCP mooring used in the pressure gradient calculation of the
previous section), it can be shown that the Reynolds stress at a
height z above the bottom can be expressed as

an fz <(9u &u)
=0t 82— —+v—|dZ (9
=0 gé’xZ . ot Udy z O

-0

_ M’W,(Z) =— u'w'

If for simplicity it is assumed v(z)=Av(1/2-z/H), as suggested
by KB and du/dy is independent of z

_  ou
_ M’W’(Z) - _ M’W, z=0+8@2_f _er
ox 0 ot
o=
1du Z)
+—-—Avz{1-— 10
2 dy UZ( H (10)

The first three terms on the right-hand side of Eq. (10) balance the
observed stress in the absence of any secondary circulation. The
last term on the right-hand side is a “perturbation stress” that is
any contribution (or reduction) in stress associated with the pres-
ence of secondary circulation. In effect, secondary circulation
“perturbs” the stress profile that would otherwise be found in a

straight channel, i.e., one can define a perturbation stress —u'w'’
given by

()= ( i)
u'w (Z)_Z&yAvZ 1 I (11)

The quadratic portion of the above-presented expression will
be positive near the bottom, and therefore, the sign of the near
bed perturbation stress is only dependent on the cross-channel
gradient in streamwise velocity. For positive gradients, there is a
enhancement in stress, and for negative gradients, there is an
reduction in the along-channel stress. This is qualitatively consis-
tent with the drag coefficients computed from the direct stress
measurements where there is a statistically significant difference
between the coefficients for the NW and SE ADCPs for the flood
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phase of the tide. On the “inner bank” closest to the SE ADCP,
assuming the velocity vanishes (a “no slip” condition) near the
channel banks, du/dy >0 for flood tide, and is less than zero for
the NW ADCP on the “outer bank.” This difference on the two
sides of the channel should manifest itself as larger stress (and
hence drag coefficient) for the SE ADCP for flood tides, consis-
tent with the slopes (i.e., C,) shown in Fig. 6. In fact, simply
scaling du/dy by the depth-averaged velocity and distance from
the ADCPs to the banks of the channel, and scaling Av with
observed secondary current amplitudes, one finds that within sta-
tistical uncertainty, the perturbation stress estimated by the admit-
tedly crude scaling and simple approximation outlined could
explain the measured difference in C,. For ebb tides, the reverse
trend should be true and is consistent with Fig. 7 as well. The
differences in observed C, for the two ADCPs during ebb tides,
however, fall within statistical uncertainty.

For completeness sake, a similar model was constructed for
the log fits to try to explain the difference in C, during flood
currents. Unfortunately, this analysis (not shown) results in the
same trend as the above-shown analysis for the direct stress mea-
surements and does not explain the higher drag observed at the
NW ADCEP for the log fits (the C, differences for ebb flow are not
statistically significant for the log fits). It is speculated that the
difference is attributable to the equilibrium assumption implied
when using the log layer formulation.

Regardless, it does not appear there is sufficient information in
this data set to adequately address the issue of how secondary
circulation enhances or reduces the net along-channel turbulent
stresses. A different measurement strategy looking at stresses in a
straight section of channel and comparing it with stresses in a
region of significant curvature is needed, coupled with a need for
uniform bed forms throughout the channel, in order to separate
the net influence of secondary circulation on turbulent stresses.
For example, measurements made directly in regions with signifi-
cant curvature compared directly with regions downstream of the
region of curvature are required to better address this issue.

It should be noted that, in spite of these complexities in the
unstratified channel presented here, the issues raised in this study
would be further complicated in systems where there is significant
vertical stratification and/or longitudinal density gradients which
one would expect to find in most estuarine systems including the
San Francisco Bay Estuary system, just downstream of the chan-
nel considered in this study. Stratification will likely modify the
sediment dynamics, role of secondary circulation, and ultimate
stresses within the water column. Future work needs to address
this intricate coupling if progress is to be made in accurate simu-
lations of estuarine systems, especially those where sediment
transport is significant.

Conclusions

A pair of self-contained ADCPs have been used to make direct
Reynolds stress estimates over a fortnightly cycle using the “vari-
ance” method to estimate the bed stresses and investigate their
coupling with secondary circulation in an unstratified tidal chan-
nel with significant curvature. In spite of regions of significant
curvature (both exceeding 90°) both upstream and downstream of
the present measurement sites, the primary cross-stream circula-
tion appears largely influenced by the local curvature as is sug-
gested by the persistent circulation pattern during both phases of
the tide observed at the two ADCPs deployed for this study. This
behavior suggests that in the absence of stratification, frictional
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forces rapidly spin down any secondary circulation driven by re-
mote areas of significant curvature, corroborating the Kalkwijk
and Booij model.

This study has also illustrated the complex physics inherent in
channels with significant curvature. In general, the presence of
multiple regions of curvature make secondary circulation patterns
complex as some regions of the channel may be forced by both
local and remote curvature. The relative importance of local and
remote forcing by regions of curvature will depend on relative
distances with respect to the region of interest. However, in the
absence of stratification, as demonstrated here, the along-channel
spin down scales for the secondary currents can be fairly short.

Most notably, this work highlights the complexities posed by
irregular and evolving bed forms. The consistent asymmetry in
drag computed by the three different methods of estimating bed
stress presented in this study as well as the semidiurnal varying
acoustic backscatter, suggest that the asymmetric bed forms ob-
served by Dinehart (2002) play an important role in bottom
stresses observed in a channel like Three Mile Slough. It is likely
that sand waves or other complex bed forms may play a signifi-
cant role in enhancing and reducing turbulent bottom stresses in
many other estuarine and riverine environments. The strong sig-
nal due to these asymmetries makes it difficult to separate and
distinguish the role of the secondary circulation in enhancing or
reducing the turbulent stresses relative to a straight channel.

Asymmetries in the bottom stress and drag may pose a signifi-
cant challenge to modelers seeking to simulate flows in tidal
channels such as the one described in this study. Although one
can include time-varying or flow direction dependent coefficients
of drag in such models (after deducing such asymmetries with
detailed field measurements and analyses such as the ones pre-
sented here), ultimately, detailed modeling of bed forms and sedi-
ment transport at both grid and subgrid scale resolutions will be
necessary to prognostically adjust the bottom drag when model-
ing systems with variable and complex bed forms. Also, the
present work highlights the fact that not only can bed stress vary
with flow direction, but it also can exhibit significant spatial vari-
ability. Locally, actual stresses may be large and induce large
sediment suspension and hence transport; yet the average stress or
drag for the large scale may differ significantly. Only numerical
models that account for the details of the spatially and temporally
evolving sediment suspension and deposition fields and the result-
ant bed forms (and coupling such a sediment model to the bottom
stress distribution) will be successful in capturing the complicated
variations in resultant flows from the irregularities of bed stress in
space and time.
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Notation

The following symbols are used in this paper:
C,; = drag coefficient;
g = gravitational acceleration;
H = total water depth;
Lgecay = length scale of decay for secondary circulation;
N = number of data points in student-t test;
n = Manning’s n;
R = radius of curvature;
R, = hydraulic radius;
T = time interval for ensemble averaging;
Tyecay = time scale for secondary circulation spin
down;
t = time;
u = along-channel velocity (positive for flood
tide);
u, = friction velocity;
i = depth-averaged along-channel velocity;
—u'w’ = along-channel Reynolds stress;
V, = along-beam ADCP velocities (i=1,2,3,4);
V! = along-beam ADCP velocity fluctuations

- (i=1,2,3,4);
V; = mean along-beam ADCP velocities
(i=1,2,3,4);
v = cross-channel velocity (positive toward outer
bank);
0 = depth-averaged along-channel velocity;
—v'w’ = cross-channel Reynolds stress;

x = along-channel coordinate;
y = cross-channel coordinate;
z = vertical coordinate;
zo = roughness height;
o = friction parameter;
B = confidence interval parameter for student-t
test;
Au, = error for friction velocity estimate;
Av = cross-channel velocity vertical shear;

n = free surface deviation;
6 = angle of ADCP beam from vertical;
k = von Karman’s constant;
p = density of water; and
T = bottom stress.
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