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ABSTRACT: Curvature can create secondary circulation and flow separation in tidal channels, and both have important
consequences for the along-channel momentum budget. The North River is a sinuous estuary where drag is observed to be
higher than expected, and a numerical model is used to investigate the influence of curvature-induced processes on the mo-
mentum distribution and drag. The hydrodynamic drag is greatly increased in channel bends compared to that for straight
channel flows. Drag coefficients are calculated using several approaches to identify the different factors contributing to the
drag increase. Flow separation creates low-pressure recirculation zones on the lee side of the bends and results in form
drag. Form drag is the dominant source of the increase in total drag during flood tides and is less of a factor during ebb
tides. During both floods and ebbs, curvature-induced secondary circulation transports higher-momentum fluid to the
lower water column through vertical and lateral advection. Consequently, the streamwise velocity profile deviates from the
classic log profile and vertical shear becomes more concentrated near the bed. This redistribution by the lateral circulation
causes an overall increase in bottom friction and contributes to the increased drag. Additionally, spatial variations in the
depth-averaged velocity field due to the curvature-induced flow are nonlinearly correlated with the bathymetric structure,
leading to increased bottom friction. In addition to affecting the tidal flow, the redistributed momentum and altered
bottom shear stress have clear implications for channel morphodynamics.
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1. Introduction logarithmic velocity in the bottom boundary layer,

Meanders are ubiquitously found in rivers and tidal chan- also known as the log law (e.g., Monin and Yaglom 1971;

nels (e.g., Langbein and Leopold 1970; Marani et al. 2002; Trowbridge and Lentz 2018),

Fagherazzi et al. 2004). Distinct flow processes can occur in u = U ln( z )7 ©)
channel bends as a result of the curvature effect, including K )

secondary circulation (e.g., Thomson 1877; Kalkwijk and
Booij 1986) and flow separation (e.g., Leopold 1960; Leeder
and Bridges 1975). These curvature-induced hydrodynamic I 3)
processes can significantly alter the streamwise momentum * p

distribution in channel bends and therefore affect the along-
channel momentum balance (e.g., Leopold 1960; Chang 1984;
Seim et al. 2002; Blanckaert and Graf 2004).

where u is the streamwise velocity,

is the shear velocity, k ~ 0.41 is the Von Karméan constant, z
is the distance above the channel bed, and z is the bottom

The drag force is a dominant sink term in the momentum
budget that opposes the streamwise flow. The drag coefficient
C, is one of the typical ways to quantify the momentum loss,
here defined as

]
C,=——, 1
¢l M

where T, is the total drag, p is density, and u is the depth-
averaged velocity. In shallow flows (e.g., in estuaries, rivers,
and the coastal ocean), drag is mainly attributed to the bot-
tom shear stress 7, i.e., 7, = 7. Shallow flows typically have a
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roughness length scale. Therefore, a dependence of C, on H
and z, can be obtained by combining (1)-(3) (e.g., Gross et al.
1999; Bricker et al. 2005; Lentz et al. 2017),

K 2
“ o !

with H being the water depth. In addition, a Coles’ wake func-
tion may be added to (2) and (4) to account for deviations
from the log law (Coles 1956; Lentz et al. 2017). Common val-
ues for C,; used in estuaries and tidal channels are around
0.003-0.004 (e.g., Soulsby 1990; Geyer et al. 2000), e.g., for
H = 5mand z, = 0.002-0.005 m.

The overall drag force directly affects the large-scale estua-
rine momentum balance, with consequences for tidal propa-
gation, flooding potential, and marsh inundation. On the
other hand, the local drag from bottom shear stress reflects
the intensity of turbulence, which determines the strength of
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local mixing processes and rate of bed sediment erosion or de-
position. Various factors can alter the flow structure, affect
the momentum balance and drag, and lead to deviations of C,
from the typical value, including bedforms (Fong et al. 2009),
vegetation (Nepf 1999), stratification (Friedrichs and Wright
1997), and large topographic features such as headlands
(McCabe et al. 2006) and meanders (Seim et al. 2006).

Channel meanders can affect the momentum distribution
and drag in an estuary through both secondary circulation
and flow separation. The curvature-induced secondary circu-
lation typically results from the local imbalance between the
lateral pressure gradient and centrifugal acceleration. Open-
channel flow with curvature generates a water-level setup
near the outer bank and a setdown near the inner bank, and
the resulting inward pressure gradient forcing balances the
outward centrifugal acceleration in the lateral direction
(Thomson 1877; Kalkwijk and Booij 1986). The above two
forcing terms have a depth-dependent imbalance because the
along-channel flow is vertically sheared, and therefore, sec-
ondary circulation develops in the lateral plane, typically with
inward flow near the bottom and outward flow near the sur-
face, and with downwelling near the outer bank and upwelling
near the inner bank for mass conservation. In estuaries, salin-
ity variations can cause internal deformations in the density
field and create lateral pressure gradients in addition to those
due to water-level disturbances, which thus affect the second-
ary circulation in bends (e.g., Lacy and Monismith 2001;
Nidzieko et al. 2009; Kranenburg et al. 2019).

Secondary circulation has been found to influence the
streamwise momentum distribution and hydrodynamic drag
in both laboratory and natural meanders (e.g., Chow 1959;
Chang 1983; Seim et al. 2002; Blanckaert and Graf 2004).
Laboratory experiments have demonstrated that secondary
circulation can increase the drag by creating an additional lat-
eral bed shear stress component (e.g., Chang 1983, 1984;
Blanckaert and de Vriend 2003). Furthermore, bottom stress
can be enhanced as a result of the vertical advection of stream-
wise momentum (Einstein and Harder 1954; Blanckaert and
Graf 2004; Blanckaert and De Vriend 2010). A Manning’s 7 is
an engineering coefficient typically used to quantify the effect
of friction for open channel flows, and meanders were found
to have Manning’s 7 values up to 30% greater than straight
channels in the laboratory (Chow 1959). In natural rivers me-
anders, Arcement and Schneider (1989) also suggested in-
creased values of Manning’s 7 to account for the increased
drag. In a curved estuarine channel in San Francisco Bay, sec-
ondary circulation was found to laterally transport the high
momentum from the center of the channel toward the sides
(Lacy and Monismith 2001), but the influence of the redistrib-
uted momentum on the bed shear stress was not investigated.
Seim et al. (2002) observed high bottom shear stress in the sin-
uous Satilla River estuary and attributed it to the vertical ad-
vection of high velocity to the bed by secondary circulation,
but the measurements did not fully resolve the flow field.

In addition to generating secondary circulation, curvature
can induce horizontal flow separation in bends (Leeder and
Bridges 1975; Leopold 1960). The water-level setdown near
the inner bank relaxes downstream of the bend apex as the
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curvature effect decreases, and this creates an adverse pressure
gradient along the inner bank (Blanckaert 2010; Vermeulen
et al. 2015; Bo and Ralston 2020). The adverse pressure gradi-
ent decreases the velocity near the inner bank and, as a result,
can cause the main flow to separate from the inner bank and
generate recirculating eddies on the lee side of the bend.

Flow separation can increase the drag in meanders through
two mechanisms, i.e., increasing the bed shear stress and cre-
ating form drag across the bend. Flow separation can redis-
tribute the streamwise momentum and thereby affect the
bottom stress in the bend. In the plan view, the maximum
depth-averaged velocity occurs near the inner bank in a bend
with laterally uniform bathymetry as a result of Bernoulli
effect (e.g., Leopold 1960; Blanckaert 2015; Kranenburg et al.
2019). When flow separation occurs downstream of the bend
apex, the maximum velocity detaches from the inner bank
and shifts toward the center of the channel (Leopold 1960;
Vermeulen et al. 2015). The main flow is restricted to a nar-
rower part of the cross section by the recirculating separation
zone and is thus accelerated. The bottom friction is locally en-
hanced in regions with the accelerated flow and reduced in
the low-velocity separation zone. As a result, the overall bed
shear stress increases in the bend with flow separation because
of the quadratic dependence of stress on velocity (Bo and
Ralston 2020).

Moreover, flow separation can affect the large-scale mo-
mentum budget by creating form drag across the bend. The
separation zone has a lower water level than the main flow,
and the resulting pressure difference across the bend leads to
form drag (Leopold 1960; McCabe et al. 2006; Bo and Ralston
2020). Form drag is the integrated pressure force normal to
the channel boundaries, in contrast to bottom friction that re-
sults from shear near the bed. In an idealized modeling study,
form drag was found to be the dominant contributor to drag in-
crease in sinuous estuarine channels, especially in sharp bends
(Bo and Ralston 2020). Observations from sinuous tidal channels
have found effective C; values in the range of 0.02-0.03 and
more than twice greater than attributable to bed shear stress
alone (Bo et al. 2021; Ortals et al. 2021), implying that form drag
can cause a major increase in the total drag in natural channels.

In sinuous channels, all the abovementioned mechanisms
can potentially contribute to the drag increase, including ver-
tical and lateral advection of momentum by secondary circu-
lation, lateral squeezing of channel flow by the recirculating
zone, and form drag created by flow separation. In this study,
we use a realistic model of the North River estuary (Massa-
chusetts, United States) to quantitatively diagnose the influen-
ces of curvature-induced processes on the momentum budget
and drag force in channel bends. The North River estuary is a
sinuous tidal channel (Kranenburg et al. 2019; Bo et al. 2021;
Garcia et al. 2022) and the present research focuses on the
midestuary region with several channel bends. High drag was
observed in this region, and both the curvature-induced sec-
ondary circulation and flow separation were suggested as sour-
ces of the high drag (Bo et al. 2021). Idealized simulations
inspired by the North River indicate that form drag due to
flow separation can be the dominant source of drag increase in
sharp idealized bends (Bo and Ralston 2020), but the idealized
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F1G. 1. Model bathymetry. (a) The North River estuary. (bl) Bend-5.4 (the sharp bend) at
5.4 km into the estuary. The landward control surface CS; and seaward control surface CS; show
the domain selected for drag calculation. (b2),(b3) Bend-4.2 (intermediate sharpness) at 4.2 km
and Bend-6.7 (smooth) at 6.7 km into the estuary, respectively.

model geometry did not include the bathymetric heterogeneity
found in most natural systems. While the mechanisms of how
secondary circulation affects drag have been brought up by
several studies (Chang 1984; Seim et al. 2002; Blanckaert and
de Vriend 2003; Blanckaert and Graf 2004), a thorough assess-
ment of the processes in natural meanders is lacking. Here we
use the realistic North River model to evaluate directly the
processes that contribute to drag increase in estuarine mean-
ders, including secondary circulation and flow separation.

In section 2, we introduce the realistic North River estuary
model. Section 3 presents the overall estuarine conditions,
flow patterns in meanders, and the calculated drag coefficient.
In section 4, we evaluate different sources of drag increase and
investigate the underlying mechanisms. In section 5, we discuss
the broader application of the results and their implications
for meander morphodynamics. Section 6 is a conclusion.

2. Methods
a. Field site

The North River estuary is a sinuous tidal channel through
a salt marsh (Fig. 1a). The region of interest is the midestuary
of the North River (~3-7 km from the mouth), where the
channel width W is around 50 m and depth H is around 5 m,
i.e., an aspect ratio W/H of 10, which is common for salt marsh
meanders (Marani et al. 2002). The radius of curvature R
ranges between 60 and 200 m, yielding a curvature ratio R/W
of around 1.2-4. The ratio R/W is typically in the range of 1-5 in
river and tidal meanders (Leopold and Wolman 1960; Marani
et al. 2002), so the bend sharpness of the North River is represen-
tative of other sinuous channels in nature. Most of the analysis
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presented here focuses on a relatively sharp bend at 5.4 km into
the estuary (Bend-5.4 in Fig. 1b1). Bend-54 has an R/'W ~ 1.2,
which is at the lower end of the range of typical values but similar
to R/W for bends in other systems (e.g., Marani et al. 2002;
Nanson 2010; Schnauder and Sukhodolov 2012). The channel is
deeper near the bend apex and shallower at the crossover regions
between bends, with shoals growing from the inner bank on
the seaward side of Bend-5.4 and also on the seaward side of the
next bend landward. While shallow point bars are found at the
inner bank in many fluvial bends, the cross-channel bathymetry
near the apex of bends in the North River is typically symmetric
with steep banks and no distinct point bar. The analysis here also
examines two bends that are less sharp at 4.2 km (Bend-4.2
in Fig. 1b2, intermediate sharpness, R/W ~ 2) and 6.7 km
(Bend-6.7 in Fig. 1b3, relatively smooth, R/'W ~ 4) to assess
variability with the curvature ratio.

Observational data were collected in the North River mides-
tuary region from mid-April to late July in 2017 (Kranenburg
et al. 2019; Bo et al. 2021). Five sets of conductivity—
temperature—depth (CTD) sensors were deployed from 3 to
8 km, namely, Moorl-5 (see the supplemental material for de-
tails). Moor3 is located at the apex of Bend-5.4 (the sharp
bend). Velocity profile data were collected by upward-looking
acoustic Doppler current profilers deployed near bottom CTD
sensors at Moorl, 3, and 5. These data are used for evaluation of
the realistic North River model that is introduced next.

b. Numerical model of the North River estuary

The Regional Ocean Modeling System (ROMS) is used to
simulate the North River estuary. ROMS is a free-surface hy-
drostatic model based on the Reynolds-averaged Navier—Stokes
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(RANS) equations, with structured grids and terrain-following
vertical coordinates (Shchepetkin and McWilliams 2005;
Haidvogel et al. 2008; Warner et al. 2008, 2010). The model do-
main extends from around 6 km off the coast to 18 km into the
estuary (Fig. 1a). An orthogonal curvilinear grid follows the
marsh platform with the highest resolution of 3 m in the channel
(around 10-30 grid cells across the channel) and increasing
grid spacing in the ocean and over the marsh away from the
channel.

The model has tidal and subtidal forcings on the open
ocean boundary on the east side of the model domain. Tidal
amplitudes were extracted from the ADCIRC database
(Mukai et al. 2002), and subtidal fluctuations were obtained
from the low-pass-filtered water surface elevation record
from the National Oceanic and Atmospheric Administration
(NOAA) station at Boston (8443970). River discharge input
from the west side, with data from the U.S. Geological Survey
(USGS) gauge at Hanover (01105730) multiplied by 2.3 to
account for freshwater inputs below the gauge.

Model bathymetry was constructed by combining existing
datasets and new surveys. Digital elevation data from the
U.S. Geological Survey (USGS) Coastal National Elevation
Database (CoNED) and the U.S. Army Corps of Engineers
(USACE) Topobathy Lidar Dataset were used for the marsh
platform, the North River mouth region, the South River, and
the offshore areas in Massachusetts Bay. Surveys in the North
River were conducted using unmanned surface vehicles with
bathymetric sonar systems (Kimball et al. 2014; Francis and
Traykovski 2021).

The model has 16 uniformly distributed vertical layers, and
the k—e closure of the generic length scale (GLS) vertical mix-
ing scheme is used for the vertical turbulent mixing (Umlauf
and Burchard 2003; Warner et al. 2005). The horizontal mix-
ing coefficient is set to 0.01 m? s~ 1. The bottom roughness zo
is 0.005 m and uniform in the domain, except that at around
7 km from the mouth, z, is locally increased to up to 0.2 m to
represent a section with larger rocks on the bed. The Coriolis
force is included in the model, and while Coriolis dominates
the secondary circulation in some systems (e.g., Johnson and
Ohlsen 1994; Ott and Garrett 1998; Lerczak and Geyer 2004),
it is negligible in narrow estuaries like the North River.

The simulations focus on a neap-to-spring transition from
19 to 27 April in 2017. During the simulated period, the fresh-
water discharge was moderate to high (5-15 m® s~ !, corre-
sponding to a mean seaward velocity of 2-6 cm s in the
sharp bend), leading to intermittent stratification. Model results
are compared with the observational data described above
(Kranenburg et al. 2019; Bo et al. 2021). Model performance is
assessed by calculating the Murphy skill score (Murphy 1988;
Ralston et al. 2017)

1

2
z"()(model — Xobs)
(X - Xobs )2

obs

Skill = 1 — , 5)

where Xpoqer Tepresents model predictions and X,ps repre-
sents observations with a time mean X . Skill = 1 has per-
fect agreement between the model results and observations,

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 08/23/23 07:33 PM UTC

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 53

and a Skill of 0 has the root-mean-square error comparable to
the standard deviation of the observations. Detailed results of
the model evaluation are presented in section 2 and the
supplemental material.

Based on comparison with time series of water level, velocity,
and salinity at Moor1-5 along the estuary from observations in
2017 (Kranenburg et al. 2019; Bo et al. 2021), zo = 0.005 m is
found to have the best overall model performance (see the sen-
sitivity testing in the supplemental material). This value of zq
is also consistent with the observed ripples and mega-ripples
(~0.1-m amplitude and 1-10-m wavelength) commonly found
on the North River bed (Bo et al. 2021).

c. Drag coefficient C,4 and bottom friction coefficient C¢

The drag coefficient and bottom friction coefficient are used to
quantify the momentum loss in the bend. We investigate the in-
fluence of different flow processes on the momentum budget and
separate out their contributions to the drag by comparing three
different definitions of the drag and friction coefficients: C s
is the drag coefficient based on the cross-sectional-average flux
of along-channel momentum, Cpy is the friction coefficient
based on the cross-sectional-average flux, and Cy; is the fric-
tion coefficient based on the depth-average flux.

The coefficients Cyys and Cyys are both defined on cross-
sectional-average flow properties. The drag coefficient Cy
quantifies the total drag including bottom friction and form
drag, while Cy, only quantifies the bottom friction. The coef-
ficient Cry also quantifies the bottom friction but is defined
based on the depth-average flow properties. Because of the
spatial variations in channel bathymetry and flow field, the
depth-average flow at different lateral locations may differ from
the cross-sectional-average flow. Therefore, the friction coeffi-
cient could be sensitive to how it is defined, and Cyz and Cry
can have different values and represent different physical mean-
ings. Additional details are provided below and in section 4.

The depth-averaged along-channel momentum equation
can be approximated as a balance between the tidal pressure
gradient forcing and drag:

lop 7,

;(")S p_H ) (6)

where p is the depth-averaged pressure, s is the along-channel
coordinate, T, is the total drag force, and H is water depth.
While the advection term can be important locally, it is gener-
ally small at the bend-average scale (e.g., Seim et al. 2002;
Rogers et al. 2018) and thus has been neglected in the bend-
scale momentum budget examined here. The time rate of
change term is also small as we mainly focus on periods away
from slack water. The pressure gradient dp/ds results from
both the water-level gradient and salinity gradient

lop _ : S
pos . Sas P8 H, (7

where 7 is the water level, S is the depth-averaged salinity,
and B is the haline contraction coefficient. Substituting (1)
and (7) into (6),
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The momentum Eq. (8) is integrated through the bend to
evaluate the overall drag, i.e.,

LW anlaE) LWl
J.() L ( 85y iﬁgngsdr—L L Cd? dsdr, (9)

where r is the lateral coordinate, and L and W are the bend
length and channel width, respectively. Averaging (9) over
the bend scale, we can write a finite difference form of the
momentum budget:

where An and AS are the water-level and salinity difference be-
tween the bend exit and entrance (laterally or cross-sectionally
averaged), {-} represents the along-channel average through the
bend, and (-) represents the lateral average.

We define a cross-sectional-average drag coefficient Cy
for the bend based on the cross-sectional average velocity (i)
and lateral average depth (H):

el - el )

Therefore, C,xs is calculated as the pressure gradient across
the bend divided by the bend-average of (&) squared divided
by (H), i.e.,

(10)

(11)

c. - 84wl — 3Bg(AS/L){(H)}

oo T T @ 2

The cross-sectional-average drag coefficient C s represents the
total effective drag for a given amount of volumetric flux Q
through the bend, with Q = (u)(H)W for each cross section.
Moreover, the volumetric flux Q is conserved through the bend,
so by assuming no significant along-channel variability of the
channel width and depth,

@@ _ ! 00l @@y
(e - QIQI{ <H>3W2} - - |

(H) H)YP {W)? {(H)}
(13)

Thus, C, 4 defined by (12) is similar to a bulk drag coefficient
Cabulk:

—g(An/L) — 3 Bg(AS/L){(H)}
(@ @) HAH)}

The cross-sectional-average drag coefficient C, s is based on
the average of (i7)*/(H) through the bend, while the bulk drag
coefficient C,; i is a more straightforward definition by aver-
aging (u7) and (H) separately through the bend. The bulk drag
coefficient C,pux is generally close to C,x in the North
River, where the channel cross-sectional area does not nota-
bly change with distance along-channel. However, C,pux is

Copuk = (14)
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not an applicable approximation of C,s in systems with large
streamwise variations in depth and velocity, e.g., the flow over
coral reefs in Lentz et al. (2017), so we use (12) to quantify
the overall drag in this study.

Similar to the cross-sectional-average drag coefficient C, s that
quantifies the total drag, we define a cross-sectional-average bot-
tom friction coefficient Cys that quantifies the effective bottom
friction in the bend but not the form drag.

c,, = nern )
@)@l (H)}
with 7, being the bottom shear stress.

Since the drag varies with > and 1/H, the lateral variations
in each of them can nonlinearly affect the total drag in ways
that are not represented in the cross-sectional average veloc-
ity and depth. Therefore, a depth-average drag coefficient
C, . based on the local depth H and depth-averaged velocity
7 can be defined to account for this spatial variability:

(e} = con ()

In this research, C, 4 is not calculated, because there is form
drag in the bend which has to be calculated as a spatial inte-
gral over the topographic feature of interest and cannot be es-
timated locally (McCabe et al. 2006; Bo and Ralston 2020).
Instead, we use the depth-average bottom friction coefficient
Cy7 that quantifies bottom shear stress alone:

_ (et
it {afali i) an

(16)

The friction coefficients Cyj; and Cry both have the bend-average
bottom shear stress on the numerator, and the difference lies in
the denominator term (velocity squared divided by depth) used
to nondimensionalize the drag. The depth-average bottom friction
coefficient Crz; quantifies the bend-average bottom friction expe-
rienced by the locally varying flow, while Cp, represents the over-
all effective bottom friction experienced by the cross-sectional
average flux in the bend. As an example, in a straight channel
with complex bathymetry, C;z; will be close to values estimated
by (4) when a stable log profile is established everywhere, but
Cyxs can be increased due to correlations between spatially vari-
able velocity and depth, e.g., when strong currents occur in shal-
low regions of the channel. It is also worthwhile to note that
Cr is usually difficult to estimate in the field given the require-
ment of high spatial resolution measurements of velocity and
depth, but this definition is necessary to assess the influence of
the horizontal variations in the flow field on the drag. The calcu-
lation of Cyys is more achievable in the field with a knowledge
of channel bathymetry and an estimation of the volumetric flux
in a representative cross section.

3. Results

a. Estuarine conditions and model evaluation

The North River estuary is dominantly forced by semidiur-
nal tides and during the observation period the tide range
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F1G. 2. The modeled estuarine conditions compared with observations at Moor3 (at the apex
of Bend-5.4) in April 2017. Thick gray lines represent observations, and thin red lines represent
model results. (a) Water level n. (b) Depth-averaged velocity . (c) Depth-averaged salinity S.
(d) Stratification AS (bottom-surface salinity difference). Orange bands show the tidal cycle se-
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lected for detailed analysis.

varied between around 2 m (19 April, neap tide) and 3 m
(27 April, spring tide) (Fig. 2). The maximum tidal current in
Bend-5.4 that is the focus of this study is around 0.5-0.8 m s~ '.
Generally stratification is stronger during neap tides (instanta-
neous bottom-surface salinity difference AS up to ~20 psu)
and weaker during spring tides (AS up to ~5 psu). Stratifica-
tion also has significant intratidal variations due to the along-
estuary advection of salinity gradient by the tidal currents. In
the midestuary, stratification mainly occurs from late flood
tide to early ebb tide.

A tidal cycle on 27 April is selected for detailed analysis in
the following sections as a representative of weakly stratified
conditions (Fig. 2d). We mainly focus on periods around max-
imum tidal velocity when the drag is greatest. Stratification is
weak around the times of maximum tidal currents for most of
the spring-neap cycle, except during the weakest neap tides.
In addition, discharge in the North River was relatively high
during the observations in late April. Discharge is generally
lower during other seasons, and thus stratification is weaker
than during the study period. The following results and analy-
sis mainly focus on periods with weak stratification, and the
effects of stronger stratification will be discussed in section 5.

The model results are compared with observations, indicat-
ing an overall good model performance. At Moor3 (at the
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apex of Bend-5.4) skill scores are Skill = 0.98 for water level
and Skill = 0.97 for salinity. Comparisons of velocity and
stratification yield Skill = 0.91 and Skill = 0.82, respectively,
which are slightly lower and more sensitive to the measure-
ment location compared to the other two variables. Assess-
ments of model performance at moorings located in other
parts of the estuary are shown in the supplemental material
and generally have similar skill scores to Moor3.

b. Secondary circulation and flow separation

Two key flow processes, i.e., secondary circulation and flow
separation, influence the momentum budget and drag in me-
anders. Thus, in this section, we present the flow patterns in
Bend-5.4 where observations have previously been made
(Kranenburg et al. 2019; Bo et al. 2021) and assess the influ-
ence of secondary circulation and flow separation on momen-
tum distribution. The influences of curvature on drag also
apply to other bends along the estuary, and those results are
presented in a later section.

During the ebb tide, the classical helical flow develops in
Bend-5.4 (Figs. 3 and 5a,b), with inward secondary flow near
the bed and outward flow near the surface. The maximum
streamwise velocity occurs near the inner bank as flow ap-
proaches the bend apex (XS1 in Fig. 5a), as a result of the
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Bernoulli effect (e.g., Leopold 1960; Blanckaert 2015;
Kranenburg et al. 2019). The outward lateral flow tends to ad-
vect the higher momentum toward the outer bank in the up-
per water column, and the vertical velocity near the outer
bank transports higher momentum flow downward and in-
creases the streamwise velocity near the bed. The higher mo-
mentum flow then is spread laterally inward by the secondary
flow near the bed. As a result of the stirring (lateral and verti-
cal advection) by secondary circulation, the streamwise veloc-
ity, which is concentrated near the surface at the inner bank
upstream in the bend, becomes more uniformly distributed in
the cross section near the bend apex (XS2 in Fig. 5b). Maxi-
mum velocities in vertical profiles appear near the bed in the
outer bend at the bend apex, similar to velocity profiles re-
ported in laboratory studies of bends with uniform density and
laterally uniform bathymetry (e.g., Blanckaert and Graf 2004).

During the flood tide, the flow structures are different from
the classical helical flow in meanders due to flow separation
and more complex secondary circulation. The main flow de-
taches from the inner bank at the bend apex, with zero and
even reversed streamwise velocity near the inner bank (Fig. 4a).
Flow separation leads to the generation of horizontal vorticity
(Fig. 4d), and a recirculating eddy occurs in the separation zone
on the lee side of the bend. Similar flow separation has been re-
ported in laboratory bends (e.g., Leopold 1960; Blanckaert
2015), idealized sinuous channels (e.g., Bo and Ralston 2020),
natural rivers (e.g., Ferguson et al. 2003; Frothingham and
Rhoads 2003), and tidal channels (e.g., Leeder and Bridges
1975) including the North River estuary (Bo et al. 2021).

While the maximum streamwise velocity is near the inner
bank upstream of the bend apex (XS3 in Fig. 5¢), the region
with maximum along-channel momentum is shifted toward
the center of the channel where flow separation occurs (XS4
in Fig. 5d). In addition, a low velocity zone is found near the
outer bank upstream of the bend apex (XS3 in Fig. 5c), indi-
cating flow separation near the outer bank. The outer bank
separation occurs due to an adverse pressure gradient along
the outer bank approaching the bend apex and is analogous
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to the inner bank flow separation downstream of the apex
(Blanckaert 2010; Blanckaert et al. 2013; Vermeulen et al.
2015). Outer bank separation can also squeeze and accelerate
the main flow, although it is less commonly found in the
North River model than inner bank separation.

In contrast to the classical curvature-induced secondary cir-
culation during the ebb tide, multiple secondary circulation
cells occur during the flood tide. This more complex second-
ary circulation appears due to the combined effect of channel
curvature and salinity variations during floods, as was investi-
gated by an observational study in this bend (Kranenburg
et al. 2019). Upstream of the bend apex (XS3 in Fig. 5c), the
laterally sheared along-channel velocity creates a lateral den-
sity difference through differential advection of the along-
channel salinity gradient (Kranenburg et al. 2019), with saltier
water and the maximum velocity near the inner bank. The re-
sulting lateral baroclinic pressure gradient (BCPG) creates a
primary secondary circulation cell in the outer part of the
bend and a smaller cell near the inner bank, with surface con-
vergence in between the cells at the streamwise velocity maxi-
mum (also see Fig. 4c). High momentum flow is transported
to the lower water column by the downward velocity at the
surface convergence and spreads laterally near the bed with
the lateral velocity. Downstream of the bend apex flow sepa-
ration occurs (XS4 in Fig. 5d) and the secondary circulation
becomes more complex, but the higher momentum stream-
wise flow remains in the lower water column.

¢. Drag and friction coefficients

The cross-sectional-average drag coefficient C,ys, Cross-
sectional-average bottom friction coefficient Cpy,, and depth-
average bottom friction coefficient Cy; are calculated through
Bend-5.4 for the neap-to-spring transition from 19 to 27 April.
The control volume is selected as the channel between the
bend crossovers (marked by two solid lines CS; and CS; in
Fig. 1bl), excluding the marsh platform. The calculation is
based on the model output of every 10 min, and we focus on
~2-h periods around maximum flood and ebb when the drag
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is greatest. During several of the strongest spring tides, the
water level exceeds the bank height and the marsh is inun-
dated from maximum flood tide to early ebb, and these peri-
ods are not included in the calculation.

The calculated Cgxs, Cyxs, and Cyyy are plotted as a function
of water depth H (Fig. 6a). Note that the water depth is
greater during flood tides than ebb tides because the phase
difference between tidal water level and velocity is less than
90°. The depth dependence is examined because both previ-
ous research on flow separation (Bo and Ralston 2020) and
the classical solution to bottom boundary layer flow (4) sug-
gest a dependence of drag on water depth. Assuming a log
profile for streamwise velocity, the corresponding friction co-
efficient [from (4), hereby named as Cy,] is in the range of
0.004-0.005 for zo = 5 mm and a depth of 3-6 m. The Cy;,, de-
creases as water depth increases for channel flow with log pro-
files because the velocity profile becomes less sheared in the
upper water column with increasing flow depth (e.g., Bricker
et al. 2005; Lentz et al. 2017). The calculated Cxs, Cyxs, and
Cyp are all greater than the value of Cyjg from the log-profile
assumption, with the exception of some stratified cases that will
be discussed later. The greater values are consistent with the
observed high drag in the North River estuary (Bo et al. 2021)
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and reflect the increase in drag due to channel curvature. The
total drag C,s can be up to a factor of 2 larger than the Cyy
due to bottom friction alone, suggesting that form drag due to
flow separation sometimes dominates the additional momen-
tum loss (Bo and Ralston 2020). The Cyy and Cyy are also
greater than the typical values of 0.004-0.005, indicating that
the bottom shear stress is enhanced in the bend. In addition,
the calculated Cys, Crxs, and Cryy in the bend display more com-
plex depth dependence compared to Cpjog, because of various
contributing factors to the drag. In the following section, the con-
tributions of the secondary circulation, form drag, and stream-
wise velocity distribution to enhancing the drag with flow
curvature will be diagnosed through analysis of the different drag
and friction coefficients.

4. Analysis
a. Identifying sources of drag increase
1) FORM DRAG

The cross-sectional-average drag coefficient C,, is around
0.008-0.013, and the cross-sectional-average bottom friction
coefficient Cyy is 0.006-0.008. The ratio of Cyyx/Crxs



JuLy 2023 BO ET AL. 1637
05 0 05 05 0 05
(a) ebb, v in XS1 [m/s] T Tl (b) ebb, v in XS2 (m/s] [T T
or 0r
_2f 2}
£
" 4l outside inside| -4 [outside inside
i 0.3 m/s i 0.3 m/s
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
cross-channel distance [m] cross-channel distance [m]
05 0 05 05 0 05
(c) flood, v in XS3 [m/s|IT Tl (d) flood, v in XS4 [m/s|T T
2 ‘ ‘ ‘ ‘ ‘ 2 ‘ ‘ ‘ ‘ ‘
0 ¥ 0r
e 2|
" 4 inside| 4| inside |
0.3 m/s 0.3 m/s
6y — all —
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30

cross-channel distance [m] cross-channel distance [m]

FIG. 5. (a),(b) Along-channel velocity u in the cross sections XS1 and XS2 during the ebb tide.
Locations of XS1 and XS2 are marked in the map views in Fig. 3. (c),(d) Along-channel velocity
u in the cross sections XS3 and XS4 during the flood tide. The locations of XS3 and XS4 are
marked in the map views in Fig. 4. Positive u means seaward velocity (ebb direction), and nega-

tive u means landward velocity (flood direction).

compares the contribution of form drag versus bottom friction
in the bend (Fig. 6b), and it indicates a total drag increase of
up to 80% due to the form drag. Flow separation can create a
low-pressure recirculation zone on the lee side of the bend,
and the resulting pressure difference across the bend leads to
a net pressure force exerted by the channel boundaries on the
flow, i.e., the form drag. Form drag has been suggested to be a
dominant source of drag in the North River estuary based on
previous observations Bo et al. (2021). Form drag was directly
calculated in idealized models that scaled with the North
River and it accounted for the difference between the total
momentum loss and bottom friction (Bo and Ralston 2020).
The complex geometry and bathymetry of the realistic model
here make the direct calculation of form drag prohibitively
difficult. Nonetheless, the characteristics of the flow and the
excess water-level drop that is not balanced by the bottom
friction clearly indicate the dominance of form drag in this
situation.

Form drag is most notable during flood tides and can in-
crease the drag by 50%-80% compared to bottom friction
alone. During ebb tides, form drag is smaller and even negligi-
ble. This flood—ebb asymmetry in form drag is consistent with
the above-described flow field in the bend (section 3b), where
flow separation is mainly found during floods. Flow separation
typically occurs as a result of the adverse pressure gradient
along the inner bank downstream of the bend apex (Blanckaert
2010; Vermeulen et al. 2015; Bo and Ralston 2020). While the
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curvature effect tends to set an adverse pressure gradient be-
hind the bend that can lead to flow separation, bottom friction
in the channel sets a favoring pressure gradient that can inhibit
flow separation (Signell and Geyer 1991; Bo and Ralston
2020). An adverse pressure gradient occurs when the curvature
effect exceeds the frictional effect, resulting in flow separation
in the lee of a bend.

We investigate the along-inner-bank water-level distribu-
tion to understand the flood-ebb asymmetry in flow separa-
tion and form drag (Fig. 7). During early flood tide, the lowest
water level is found near the bend apex on the inner bank,
with an adverse pressure gradient along the inner bank down-
stream of the apex. As a result, flow separation develops later
into flood tide and a low-pressure recirculation zone grows
downstream. The low-pressure zone on the lee sidewall re-
sults in a pressure difference across the bend, thus creating
form drag. By contrast, a favoring pressure gradient along the
inner bank persists during the ebb tide, and without an ad-
verse pressure gradient flow separation and form drag do not
occur.

The flood—ebb asymmetry in adverse pressure gradients,
flow separation, and form drag can be partially explained by a
depth dependence. The water is deeper during flood tides,
so the inertial effect of curved flows has greater influence on
setting an adverse pressure gradient and reversing the flow di-
rection (Bo and Ralston 2020). However, during ebb tides the
tidal stage is lower and with shallower water a stronger
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frictional effect tends to inhibit flow separation. The ratio of
C,xs/Cyxs in the bend increases with water depth (Fig. 6b),
which is consistent with the depth dependence of form drag
with flow separation (Bo and Ralston 2020).

While the ratio of C,4/Cyys displays a more continuous
depth dependence (Fig. 6b), the value of C,s shows a larger
gap between flood and ebb tides that cannot be explained by
the difference in depth alone (Fig. 6a). We speculate that the
distinct 3D flow structure during flood tides favors the onset
of flow separation compared to ebb tides and enhances the
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flood—ebb asymmetry of form drag. During flood tides
downwelling occurs near the inner bank upstream of the bend
apex as a result of the BCPG-driven secondary circulation
(Figs. 4b and Sc). The secondary flow tends to maintain high
streamwise momentum with a convergence zone near the in-
side of the bend. This increased streamwise momentum en-
hances the water-level setdown at the bend apex due to the
Bernoulli effect and favors the creation of an adverse pressure
gradient downstream of the bend apex that can lead to flow
separation (Fig. 7). Additionally, the downwelling near the



JuLy 2023 BO ET AL. 1639

\2)
(al) early flood &% o® (b1) max flood -1 o 1 (cl) early ebb 20 2 (dl) max ebb 42024
weter level anomaly [cm| [JlEL Jll weter level anomaly [cm| [JlET Jll weter level anomaly [cm| [Tl weter level anomaly [cm| [l Tl
200 early ) max T

Northing [m]
8

50
0 H=4.703mV . 4=0.011| | H=5.35Tm
0 100 200 0 100 200 0 100 200 0 100 200
Easting [m] Easting [m] Easting [m] Easting [m]

E 0.5 T 2 T 3 T
T2 (a2) (b2) rapex (c2) ‘rapex d2) ‘apex
- = 0.4 ' 2
e : 1 :
= 0.2 1 1 t
ﬁ S | !
23 o 0 ! 0 0 !
By et ' '
2 e -0.2 : ! -1 ¥
8 2  |& A== —=| |
€ I v el : 1 : = |
==t i Hood . flood ebb : ebb i
< g 05 : -0.6 : 2 ; -3 :

R IR S S & ° e P PR IR S S & ° e P
along-channel distance [m] along-channel distance (m| along-channel distance m| along-channel distance [m)]
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inside of the bend during floods alters the vertical structure of  channel, the nonuniform bathymetry and resulting spatially vari-
streamwise velocity, with low velocity and reversed vertical —able velocity field can be nonlinearly correlated and lead to in-
shear in the upper column. Consequently, the influence of the  creased momentum loss compared to a uniform channel, even in
bottom boundary layer is restricted to the lower water column  the absence of additional factors like secondary circulation and
(detailed analysis presented in section 4b), and the tendency  flow separation. This part of drag increase is defined as the drag
of bottom friction to inhibit flow separation is suppressed. increase due to the spatial variability in streamwise velocity and
Therefore, the frictional effect is weakened by the BCPG-  water depth and is quantified by Cry/Cr .

driven secondary circulation during flood tides compared to The Cyy/Cry in this bend indicates a 10% drag increase
that expected based on water depth alone, and this enhances  during ebb tides and up to 15% increase during flood tides.
the flood—ebb asymmetry of flow separation and form drag. The Cgy/Cryy can be slightly greater during flood tides because
By comparison, river meanders typically have helical flows the curvature effect redistributes streamwise velocity such that
similar to the ebb tide cases in our study, and flow separation  faster flow occurs over shallow shoals. For example, maximum
is not commonly found in rivers except in distinctly deep and  velocity usually occurs near the inner bank upstream of the bend
sharp river bends (e.g., Ferguson et al. 2003; Schnauder and  apex (seaward for flood tide), which also is the location of a shal-

Sukhodolov 2012). low shoal. The maximum velocity is shifted toward the outer
bend by flow separation downstream of the bend apex and en-

2) INCREASED OVERALL BOTTOM FRICTION DUE TO counters a shallow shoal leading into the next bend landward
THE SPATIAL VARIABILITY OF FLOW FIELD (Figs. 1b1 and 4a). In comparison, during ebb tides higher velocity

usually follows the deeper part of the channel and flow is weaker
over the shoals (Fig. 3a). Tidal velocities in the North River are
ebb dominant (Kranenburg et al. 2019), so ebb currents are ex-
pected to dominate the morphological development and the

The ratio of cross-sectional-average to depth-average bottom
friction coefficient C,/Crp represents the drag increase due to
the spatial variability of the velocity and water depth and their
nonlinear correlation. The ratio Cyy/Cyyy is essentially the ratio
of {(ulul/H)}/{(u)|{u)|/(H)} [also see (15) and (17)], i.e., the spa-
tial average of the local depth-average velocity squared divided
by depth versus the cross-sectional average velocity squared di-
vided by the lateral average depth. The ratio Cy,/Cyy; is gener-
ally larger when higher velocities occur in shallower depths, i.e., The cross-sectional-average bottom friction coefficient Cry is
more high local #|u|/H. For a given volume flux through the generally 0.005-0.007, greater than the log-profile prediction

channel would be deeper where ebb currents are stronger.

3) ENHANCED LOCAL BOTTOM FRICTION DUE TO
DEVIATION FROM THE LOG-PROFILE
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terms of along-channel velocity in (18).

Criog Of 0.004-0.005. The ratio of Cr/Cyyog represents the local
bed shear stress enhancement due to deviation from the log
profile. The Cyp/Cyyoq indicates a 30%-40% drag increase dur-
ing ebb tides and around 50% increase during flood tides com-
pared to the log-profile assumption. This local bottom stress
enhancement can be a dominant source of drag increase during
ebb tides when flow separation and form drag do not occur.
The enhancement of bottom shear stress relative to the log-
profile assumption (4) suggests an alteration to the vertical
profile of velocity. Secondary circulation in the bend can redis-
tribute momentum in the cross sections through vertical and
lateral advection, and thus enhance the bottom shear stress.
Note that in some stratified cases Cyz may be decreased com-
pared to Cyjog, because stratification can inhibit turbulence and
reduce the bottom shear stress (e.g., Turner and Turner 1979;
Friedrichs and Wright 1997; Stacey and Ralston 2005).

It is also worthwhile to note that flow curvature results in two
types of momentum redistribution in the bend. One is the redis-
tribution of depth-averaged velocity in the horizontal plane,
which is mainly related to the lateral squeezing of the main flow
by flow separation. This generally increases the spatial variabil-
ity of the depth-average flow field and the magnitude of the
stress relative to the cross-sectionally averaged velocity, thus
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increasing the ratio Cry/Crr by ~10%. The other type of mo-
mentum redistribution is the alteration of the velocity profile in
the vertical, which is mainly due to the vertical and lateral ad-
vection by the secondary circulation. This can cause a deviation
from the log profile and thus affect the local bottom shear
stress, and it is reflected in C;y/Cy), that represents a greater
increase of ~40%. This redistribution of streamwise flow in the
vertical by the secondary circulation and its influence on the
drag is investigated in the following section.

b. Momentum redistribution and local bottom friction
enhancement

1) EBB TIDE

During ebb tide when the classical helical flow occurs in
the bend, the bottom shear stress distribution primarily de-
pends on the depth-averaged streamwise velocity (Figs. 3a
and 8a), e.g., maximum bottom stresses occur near the inner
bank upstream of the bend apex where maximum velocity
occurs, and this shifts toward the outer bank downstream of
the bend apex as higher momentum flow is transported out-
ward. We calculated the expected bottom stress from the
depth-averaged velocity and the log-profile assumption
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using (Fig. 8b). However, the actual bottom stress shows de-
viations from the log-profile assumption. The actual bottom
stress is enhanced compared to the log assumption, espe-
cially near the bend apex where secondary circulation is
developed (Fig. 8c). This suggests that the secondary circu-
lation alters the vertical profile of streamwise velocity and
affects the bottom stress.

To investigate the momentum redistribution by secondary
circulation, we examine the streamwise velocity transport
equation in a cylindrical coordinate system (Batchelor 2000;
Blanckaert and Graf 2004):

Ju 1 uau u 1 wv Wau
ik SRS W S oA it
ot 1+ 7r/R 0s or 1+ rRR 0z

N

along-channel advection lateral advection

1 1dp o ou
__ . 9 ou
1+ r/Rpds dz\ '9z)

vertical advection

(18)

where s, r, and z represent the streamwise, lateral, and vertical
coordinates, and u, v, and w are the corresponding velocity
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components. Here v, is the vertical eddy viscosity, and the hori-
zontal viscosity is typically negligible in shallow flows. The first
term on the right side represents streamwise advection; the sec-
ond and third terms are the lateral advection; the fourth term is
the vertical advection. The last two terms are the pressure gradi-
ent forcing (mainly due to water-level gradient) and shear stress.
The last two terms are dominant in the large-scale, depth-
averaged momentum balance (6), but the other advection terms
can be important at the local scales investigated here.

Near the outer bank where downwelling occurs (e.g., XS1
and XS2 in Figs. 5a,b), the vertical advection tends to increase
the near-bed momentum (Fig. 8d). As a result, the vertical
shear is more concentrated near the bed compared to a log
profile (e.g., loc 2a in Fig. 9b), and the bed shear stress is thus
greater than that based on the log-profile assumption (Fig. 8c).
By contrast, near the inner bank upstream of the bend apex,
the upward velocity leads to decreased streamwise momentum
and weaker vertical shear near the bed (e.g., loc 1a in Figs. 8c,d
and 9a), and thus, the bottom friction is less than the log-profile
assumption.
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Near the inner bank at the bend apex (e.g., loc 2b in Figs. 8c-e
and 9c), the vertical velocity is upward and tends to decrease the
momentum near the bed. At the same time, the lateral velocity
advects the high momentum near the bed from the outer bank
toward the inner bank (XS2 in Fig. 5b). The lateral advection
that tends to increase the near-bed velocity dominates over the
vertical advection that acts in the opposite way, and therefore the
bottom stress is enhanced. The streamwise momentum becomes
homogenized in the cross sections at the bend apex and farther
downstream (XS2 in Fig. 5b) as a result of the stirring (vertical
and lateral advection) by secondary circulation and the bottom
stress is thus enhanced across the channel (Fig. 8c).

Generally, the bottom stress deviation from the log profile
has a spatial pattern through the bend that is similar to the
summed momentum advection terms (Figs. 8c,f). The along-
channel advection of streamwise velocity (not shown) is
smaller in magnitude than the lateral and vertical advection
terms and corresponds less clearly with the bottom stress
enhancement.

Regions with both increased and decreased bottom stress
occur in the bend due to the momentum redistribution by sec-
ondary circulation, and the integrated effect influences the
overall drag at the bend scale. The bottom stress can be de-
creased by up to a factor of 2 compared to the classical log
profile where the streamwise momentum is decreased, and
can be increased by more than a factor of 2 where the near-
bed vertical shear is enhanced. The overall effect of momen-
tum redistribution by secondary circulation is to enhance the
bottom stress in the bend, because more locations have in-
creased near-bed velocity than decreased near-bed velocity
and the stress has a quadratic dependence on velocity. This
explains the greater calculated depth-average bottom friction
coefficient Cyz; compared to the typical log-profile prediction
Crlog in section 4a.

2) A 1D ANALYTICAL MODEL

The vertical advection of momentum initiates the transport
of high momentum to the lower water column, and lateral ad-
vection spreads higher momentum flow near the bed across
the channel. In this subsection, we develop a simplified 1D an-
alytical model to deconstruct the complex patterns in the 3D
model and conceptually frame the linkage between vertical
advection and bottom shear stress enhancement.

When a steady and horizontally uniform boundary layer
flow is established (without secondary flows), the streamwise
momentum equation can be simplified as

lop_Lor_a(, ) )
pds pdz dz\ ‘oz
Equation (19) is essentially a local depth-dependent form of
(6) when the large-scale form drag is not considered. (1/p)dp/os
is vertically uniform by neglecting baroclinicity, and thus 7 typ-
ically has a linear distribution in the vertical 7 = 7,(1 — z/H).
Substituting in the definition of u, in (3), we can write

ui(l_i):,,a_”

it ‘oz (20)
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The eddy viscosity v, typically has a parabolic distribution in the
vertical direction v, = ku,z(1 — z/H), and (20) thus becomes

eay)

U, = KZ—.
' a9z
The solution to (21) is the canonical logarithmic velocity rela-
tionship (2).
We add the vertical advection term to (20) to investigate
the momentum redistribution by vertical velocity w, so

a
ui(l - %) = vt£ - wu. (22)
On the bottom boundary w vanishes and (22) reduces to (20).
Assuming a parabolic distribution for the vertical velocity
w = wo(z/H)(1 — z/H), we can write
5 u z

Uy = KU Z— — Wl —.
* * 9z 0 H

(23)
For given z, and wy, this (23) can be solved numerically to get
an analytical solution to the vertical profile of # and the modi-
fication to Cyby the vertical velocity. For example, the vertical
velocity is typically ~1 cm s~' in the bend for ~1 m s !
streamwise tidal current, and in the analytical solution, Cy is
increased by 31% for a downwelling case with w/ti =—0.01
and decreased by 33% for an upwelling case with
wy/u = —0.01, given H = 5 m and z, = 0.005 m.

Solutions to (23) are compared with model results in Fig. 9.
wy is taken from the model results as the local normal-to-bed
velocity, which squeezes or stretches the velocity profile per-
pendicularly relative to the boundary. Note that the normal-
to-bed velocity is different from the vertical velocity in the
model output because the channel bed is not flat. The analyti-
cal solutions to (23) are consistent with the velocity profiles at
loc 1a and 2a, where vertical advection is dominant in the mo-
mentum transport (Fig. 8d). For these locations, the bottom
friction coefficient Cp,,jocar from the analytical solution with
vertical advection is consistent with the bottom stress decrease
or increase, although the values of Cy,, jocat and Cymodeliocal 40
not match exactly. At loc 2b where lateral advection domi-
nates over vertical advection, the 1D analytical solution fails
because it does not account for the redistribution by the lateral
velocity.

Generally, the analytical solution with vertical advection
explains the altered bottom stress where vertical advection
is dominant but it fails where lateral becomes more impor-
tant. The analytical solution suggests that basic assumptions
behind the log profile are not violated, e.g., the eddy viscos-
ity v, is generally consistent with a parabolic distribution
(Fig. 9e), but deviations of local bottom stress occur be-
cause the log-profile theory ignores the locally strong influ-
ence of vertical advection. The vertical shear du/dz is more
concentrated in the lower water column where secondary
circulation brings higher momentum flow toward the bed.
As a result, the shear stress v, 0u/dz is enhanced near the
bed (Fig. 9f), and this contributes to the overall increase in
drag with curvature.
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tion terms of along-channel velocity in (18).

3) FLOOD TIDE

During the flood tide the secondary circulation is more
complex than the typical single secondary circulation cell
for ebbs, but the mechanisms of momentum redistribution
and bottom stress enhancement are similar. During flood
tide, a surface convergence zone with strong downwelling
occurs near the inner bank (Figs. 5c,d). As a result, high mo-
mentum flow is vertically injected to the lower water column
and spreads laterally near the bed to enhance the bottom
shear stress in the downwelling region and nearby
(Fig. 10c).

Vertical advection is the dominant term for redistributing
momentum in the downwelling region (e.g., loc 3a in Figs. 10d
and 11a), and the analytical solution with vertical advection
(23) yields velocity profiles that are consistent with the 3D
model. Lateral advection is dominant adjacent to the downw-
elling region (e.g., loc 3b in Figs. 10e and 11b), and thus the
1D analytical solution does not explain the velocity profile.
The advection by the secondary circulation concentrates the
shear near the bed (Fig. 11c) and leads to locally enhanced
bottom friction. In addition, a region of negative shear stress
is found near the surface (Fig. 11e), because the maximum
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streamwise velocity occurs in the lower water column with
reversed vertical shear in the upper water column. This re-
versal in shear is consistent with the flood tide BCPG-
driven secondary circulation noted in other studies (e.g.,
Lacy and Monismith 2001; Lacy et al. 2003; Lerczak and
Geyer 2004).

c¢. Dependence on bend sharpness

While the analysis thus far has focused on a single sharp
bend (Bend-5.4), secondary circulation, flow separation, and
momentum redistribution also occur in other bends of the
North River estuary with different sharpness. As an example,
below we highlight two other bends: Bend-4.2 has intermedi-
ate curvature with a radius of curvature R = 140 m, width
W = 70 m, and curvature ratio R/W ~ 2, and Bend-6.7 is one
of the smoothest bends in the North River with R = 200 m,
W =50m, and R/W = 4.

1) EBB TIDE

During ebb tide, a single secondary circulation cell occurs
in Bend-4.2 (Figs. 12a—d), similar to the sharper Bend-5.4. Up-
welling near the inner bank tends to decrease velocity in the
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lower water column and decrease the bed shear stress, while
downwelling near the outer bank transports higher momen-
tum flow to the low water column and increases the bed stress.
Downstream of the bend apex, the higher momentum flow is
advected inward by the lateral flow near the bed, leading to
enhanced bottom stress across the entire cross section.

Similar helical flow is also found in the smoother Bend-6.7,
leading to a region with decreased bottom stress from the in-
ner bank of the upstream bend to the inner bank of Bend-6.7,
and then shifted to the inner bank of the following bend,
where upwelling decreases the near-bed velocity (Fig. 12f).
Increased bottom stress is found in other regions where the
near-bed momentum can be increased by secondary circula-
tion. Although secondary circulation still affects the bottom
stress in this smoothest Bend-6.7, the momentum distribution
in a cross section downstream of the bend apex is more vertically
sheared and less homogenized by the secondary circulation than
in the sharp Bend-5.4 (Fig. 12g compared to Fig. 5b). As a result,
the overall bottom friction enhancement (Crp/Cpioq — 1) in
Bend-6.7 is only around 20%. The above comparison suggests
that secondary circulation is more effective at redistributing mo-
mentum and increasing bottom stress in sharp bends than in
smooth bends, consistent with theories that the strength of sec-
ondary circulation increases with stronger curvature (Kalkwijk
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and Booij 1986; Geyer 1993; Blanckaert and De Vriend 2010;
Ottevanger et al. 2012).

2) FLOOD TIDE

During flood tide, more complex secondary circulation pat-
terns are found in both Bend-4.2 and Bend-6.7, as in the
sharper Bend-5.4. Surface convergence zones with downwel-
ling occur near the inner bank upstream of the bend apexes
(Figs. 13c,g). Higher momentum flow is injected near the bed
by the downward velocity and reversed vertical shear occurs
near the surface. The bottom shear stress near the conver-
gence is increased compared to the log profile and the overall
bottom friction enhancement (Cyn/Criog — 1) is up to 50% in
both Bend-4.2 and Bend-6.7.

Flow separation is found on the lee side of Bend-4.2, with a
low velocity zone located near the inner bank and the main
flow shifted toward the outer bank. Form drag due to the flow
separation is up to 50% of the total bottom friction in Bend-
4.2 (ie., Cix/Crxs up to 1.5). Flow separation is less notable
in the smoother Bend-6.7, which agrees with the theoretical
prediction in Bo and Ralston (2020) that flow separation is
less likely to occur in smooth bends. The ratio of Cyx/Crxs is
close to 1 in Bend-6.7, suggesting that the contribution from form
drag is small (less than ~10%) compared to bottom friction.
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5. Discussion of bottom stress due to momentum redistribution by the sec-
ondary circulation (Fig. 14). Flow separation creates form
drag by generating a low pressure circulation zone on the lee

We find that the momentum loss is increased in meanders  side of the bend and results in a drag coefficient increase of
compared with similar straight channels as a result of form nearly a factor of 2 in a sharp bend compared to the total bot-
drag due to flow separation, increased overall bottom stress  tom friction. Form drag is the dominant source of drag in-
due to the spatially variable flow field, and local enhancement crease during flood tides when flow separation is most

a. The mechanisms of drag increase in meanders
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FIG. 14. Schematic plots of flow field, momentum redistribution, and drag increase in bends. (a) Ebb tide. Black arrows show the chan-
nel flow in the horizontal plane, and blue arrows show secondary circulation in cross sections. The gray colors represent streamwise
momentum. Red colors show regions with enhanced bottom shear stress compared to the log-profile assumption. High momentum is ad-
vected to near the bed, which increases the bottom friction. (b) As in (a), but for flood tide. In addition to secondary circulation, flow sepa-
ration creates a recirculating zone and leads to form drag across the bend.

notable, and is less important during ebb tides. The spatial
variability of bathymetry and velocity and their nonlinear cor-
relation also cause an overall increase in frictional drag for a
given volume flux through the channel, although that only ac-
counts for an increase of around 10% in the friction coeffi-
cient. Secondary circulation due to curvature advects higher
momentum flow from the surface toward the lower water col-
umn in downwelling regions near the inner bank (flood tide)
or outer bank (ebb tide), and the near-bottom secondary cir-
culation spreads the high momentum laterally. As a result,
the bottom shear stress is enhanced, which leads to drag in-
creases of 30%—60% compared to the bottom stress based on
assuming a classical log profile.

The drag increases due to the above mechanisms vary with
bend geometry and topography. Flow separation is stronger
in sharp bends (Blanckaert 2010; Bo and Ralston 2020), so form
drag may be dominant in sharp bends but unimportant in smooth
bends. The strength of secondary circulation also increases with
channel curvature, so the momentum redistribution and bottom
stress enhancement are also more significant in sharp bends
(Blanckaert and De Vriend 2010; Ottevanger et al. 2012). While
the drag increase due to the spatially variable flow field is not a
dominant factor in the bends examined here, it may be important
in bends with more complex bathymetric features.

The role of the curvature-induced secondary circulation in
redistributing momentum and altering the bottom stress is not
unique to this system. Similar mechanisms apply to other tidal
meanders (Seim et al. 2002) and river meanders (Dietrich and
Whiting 1989; Frothingham and Rhoads 2003). Moreover,
secondary circulation can also affect the bottom boundary
layer in systems without curvature, e.g., in straight estuarine
channels with BCPG-driven secondary circulation (Nunes
and Simpson 1985; Lerczak and Geyer 2004) and in large es-
tuaries where Coriolis can dominate the secondary circulation
(Valle-Levinson 2011).

The lateral component of the near-bottom velocity due to
the secondary circulation can also increase the drag on the
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streamwise flow by creating an additional bed shear stress
component (Chang 1984; Blanckaert and de Vriend 2003).
However, the nonlinear advection of streamwise momentum
and enhancement of streamwise bottom stress have greater
contributions to the drag enhancement in this system. The lat-
eral component of bottom stress accounts for less than 10%
of the total bottom stress in the model results, because shear
stress scales with velocity squared and the streamwise veloci-
ties are much greater in magnitude than the lateral velocities.
We primarily analyzed flow conditions with weak stratifica-
tion, and further investigation is needed to quantify how these
processes affect drag in the presence of stronger vertical or
horizontal salinity gradients. Strong stratification can suppress
turbulence, inhibit the vertical transport of momentum, and
decrease the bottom stress (e.g., Turner and Turner 1979;
Stacey and Ralston 2005; Qian et al. 2022). Moreover, strong
horizontal salinity gradients can affect the momentum budget
through baroclinicity and alter the secondary circulation pat-
tern. The multiple secondary circulation cells during flood
tides result from baroclinic effects (Kranenburg et al. 2019).
During ebb tides, the region of interest is mostly well mixed
or fresh as the salt front is advected down-estuary. As a result,
baroclinicity is generally weak during ebbs and the classical
helical flow occurs in the analyzed bends. In meanders where
strong vertical or horizontal salinity gradients appear during
ebb tides, reversed secondary circulation (Chant and Wilson
1997; Bo and Ralston 2022) or multiple layers of secondary
circulation (Nidzieko et al. 2009) may occur as a result of the
interaction between stratification, baroclinicity, and secondary
flows. Reversed secondary circulation can influence the mo-
mentum redistribution and alter the bottom stress enhance-
ment compared to the classical helical flow. With multiple
layers of secondary circulation, the vertical advection of mo-
mentum may be inhibited compared to the classical helical
flow, potentially leading to less bottom stress enhancement.
While we have focused on the momentum budget in the
above analysis, the increased momentum loss due to the
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channel curvature also corresponds with increased energy dis-
sipation (Seim and Gregg 1997; Seim et al. 2006; Warner et al.
2013; Bo and Ralston 2020; Bo et al. 2021). The enhanced bot-
tom stress associated with secondary circulation and altered
velocity profiles in the vertical directly corresponds with an in-
creased energy loss rate near the bed. Flow separation that
creates form drag in the momentum budget can also contrib-
ute to the increased energy dissipation. The separation zone
laterally squeezes and accelerates the main flow, which in-
creases the spatial variability of depth-averaged velocity and
increases both the overall bottom stress and the near-bed dis-
sipation (Bo and Ralston 2020). The horizontally variable
flow field can be a more important contributor to energy dissi-
pation compared to momentum loss because of the higher-
order dependence on velocity of energy than momentum. In
addition to the increased energy loss near the bed, interior
dissipation can occur in the bend associated with the reversed
vertical shear found in the upper water column during flood
tides (Figs. 5¢,d and 11). This interior dissipation is not associ-
ated with the bottom boundary layer and bed friction, and
could contribute to energy loss with the form drag.

b. Which C,4 or Cyto choose to quantify the drag?

Our analysis shows that the drag coefficient C; and bottom
friction coefficient Cr vary depending on the choice of u|u|/H
(depth-averaged velocity squared over depth) used to scale
the drag term in the depth-averaged momentum equation,
especially in systems with complex bathymetry and flow distri-
bution. For assessing the overall momentum loss in open-
channel flows, the cross-sectional-average drag coefficient
Cxs in (12) should be used because that integrates any form
drag from topographic features. The C,x is defined based on
the along-channel average of each cross-sectional average ve-
locity and depth {({(z)|(#)|)/(H)}, and can be rewritten as
Q|Q|{1/(H>3W2} assuming the flux Q = (u)(H)W is conserved
along the channel. Therefore, in field observations, Q can be
estimated based on the velocity and depth measurements in a
single cross section, and then {1/(H)*W?} can be evaluated us-
ing an estimate of the along-channel variability of channel
depth and width. Similarly, the cross-sectional-average bot-
tom friction coefficient Cy, in (15) should be used to quantify
the overall bottom shear stress experienced by a given
amount of flux through the channel.

An alternative to quantify the bottom stress is to use the
depth-average bottom friction coefficient Cy in (17). In me-
anders, the curvature-induced flow processes can add to the
spatial variability of depth-averaged velocity. In addition,
complex bathymetric features that are usually found in natu-
ral channels can also affect the depth-averaged velocity distri-
bution through topographic steering (Dietrich and Smith
1983; Blanckaert 2010; Ottevanger et al. 2012). Consequently,
the difference between Cyrp and Cyys may be significant. The
calculation or measurement of Cry can remove the drag
increase due to the spatial variations in depth and depth-
averaged velocity that are included in Cyy, and thus only
quantify the bottom stress associated with the vertical struc-
ture of the local flow. The Cpy is difficult to rigorously
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estimate in the field because it requires measuring velocity
and depth with complete spatial coverage. Note that calculat-
ing Cyy based on the depth and depth-averaged velocity at a
single location may introduce significant biases. The Crj has
to be assessed using multilocation measurements of depth and
velocity that are representative of the domain. To obtain an
estimate of the spatial variability of bottom stress and calcu-
late an appropriate Cyy, either of the following approaches
may be adopted: 1) deploying moorings not only in the deep
channel but also in shallow regions where large values of
ulu|/H could appear or 2) combining mooring measurements
with cross-sectional surveys of the distribution of u[u|[/H un-
der a range of tidal/flow conditions.

c¢. Implications for morphodynamics

The increases in drag resulting from channel curvature, par-
ticularly the mechanisms associated with bottom friction,
have implications for sediment erosion and deposition and for
channel meander morphodynamics. The North River estuary
is ebb dominant (Kranenburg et al. 2019), so here we discuss
the linkage between the ebb tide bottom stress and channel
morphology in the sharp Bend-5.4. Secondary circulation
tends to increase the near-bed velocity through the downward
advection near the outer bank, and high momentum spreads
laterally near the bed at the bend apex. The enhanced bottom
stress would enhance erosion and inhibit sediment deposition
in the cross section at the bend apex (Fig. 8), which can ex-
plain the observed deep scour hole and the absence of a point
bar at the bend apex. By contrast, regions with decreased bot-
tom stress due to secondary circulation upwelling extend from
the inner bank of the next landward bend to the inner bank of
Bend-5.4, and then to the inner bank of the next seaward
bend. These regions with decreased bottom stress favor sedi-
ment deposition, and could contribute to the growth of the
shallow shoals extending along-channel from the inner banks
of bends.

Flow separation mainly occurs during flood tide, so its influ-
ence on channel morphology may be more limited in this
ebb-dominant river. Flow separation creates a low-velocity re-
circulation zone that could favor sediment deposition near the
inner bank on the lee side of bends (Finotello et al. 2020). Ad-
ditionally, the main flow is restricted to a narrower extent of
the channel cross section and thus accelerated, which may
enhance sediment erosion in the center of the channel
(Vermeulen et al. 2015).

6. Conclusions

We calculated the drag and friction coefficients in a sinuous
estuary, and found that the momentum loss is much greater
than expected for straight channels. The influence of curvature-
induced processes on the momentum budget was investigated,
and both flow separation and secondary circulation contribute
to the drag increase in meanders. Flow separation can create
form drag across a bend and is most notable during flood tides.
Secondary circulation can increase the near-bed velocity through
vertical and lateral advection during both ebb and flood tides,
leading to increased bottom stress compared to the log-profile
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assumption. The altered momentum distribution and enhanced
bottom stress may affect sediment transport in the bend and
contribute to the observed morphology.
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