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Abstract
The North River estuary (Massachusetts, USA) is a tidal marsh creek network where tidal dispersion processes dominate 
the salt balance. A field study using moorings, shipboard measurements, and drone surveys was conducted to characterize 
and quantify tidal trapping due to tributary creeks. During flood tide, saltwater propagates up the main channel and gets 
“trapped” in the creeks. The creeks inherit an axial salinity gradient from the time-varying salinity at their boundary with 
the main channel, but it is stronger than the salinity gradient of the main channel because of relatively weaker currents. The 
stronger salinity gradient drives a baroclinic circulation that stratifies the creeks, while the main channel remains well-mixed. 
Because of the creeks’ shorter geometries, tidal currents in the creeks lead those in the main channel; therefore, the creeks 
never fill with the saltiest water which passes the main channel junction. This velocity phase difference is enhanced by the 
exchange flow in the creeks, which fast-tracks the fresher surface layer in the creeks back to the main channel. Through ebb 
tide, the relatively fresh creek outflows introduce a negative salinity anomaly into the main channel, where it is advected 
downstream by the tide. Using high-resolution measurements, we empirically determine the salinity anomaly in the main 
channel resulting from its exchange with the creeks to calculate a dispersion rate due to trapping. Our dispersion rate is larger 
than theoretical estimates that neglect the exchange flow in the creeks. Trapping contributes more than half the landward 
salt flux in this region.
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Introduction

The salinity distribution of an estuary impacts circulation 
patterns by introducing horizontal density gradients, which 
drive baroclinic exchange flows (Pritchard 1952a), and verti-
cal density gradients (stratification), which can inhibit turbu-
lent mixing (Bowden 1964). The salt intrusion in estuaries is 
determined from the balance between the river flow, which 
exports salt out of the estuary, and a combination of subtidal 

(steady) and tidal dispersive processes, which import salt 
into the estuary (Pritchard 1952b; MacCready and Geyer 
2010).

While the steady baroclinic circulation (Hansen and 
Rattray 1965; Chatwin 1976) is the primary driver of the 
landward salt transport in long estuaries where the salinity 
intrusion length extends much further than a tidal excursion, 
tidal dispersion processes (Hughes and Rattray 1980) are the 
dominant driver of the landward salt transport in short estu-
aries, where the salinity intrusion is similar in length to the 
tidal excursion (Chen et al. 2012). A notable distinction is 
that in long estuaries, the salinity intrusion decreases during 
spring tides due to greater vertical mixing which inhibits the 
baroclinic circulation (Lerczak et al. 2006), while in short 
estuaries, the salinity intrusion increases during spring tides 
due to stronger tidal currents (Ralston et al. 2010).

Tidal dispersion describes the net effect of tidal cur-
rents on the horizontal spreading of scalars (Fischer 
1976; Zimmerman 1986; Geyer and Signell 1992). The 
corresponding salt flux is expressed through the tidal 
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correlation between the tidally varying velocity and salin-
ity, and thus depends on the size of the tidal amplitudes 
of velocity and salinity and the relative phasing between 
them. If velocity and salinity are in perfect quadrature, the 
tidal correlation is identically zero. However, when veloc-
ity and salinity are shifted out of quadrature by nonlinear 
processes, the tidal salt flux is nonzero and is typically 
directed landward (Hunkins 1981). Dronkers and van de 
Kreeke (1986) distinguish between a local and nonlocal 
tidal salt flux, which result from decomposing the tidally 
varying velocity and salinity into their cross-sectionally 
varying (local) and cross-sectionally averaged (nonlocal) 
components. At a given cross section, the local tidal salt 
flux represents the effects of oscillatory shear dispersion 
(Bowden 1965; Chatwin 1975), resulting from differ-
ential advection due to velocity shear and the effects of 
transverse mixing and secondary circulation, which shift 
velocity and salinity out of quadrature over the cross sec-
tion. The nonlocal salt flux results from tidal correlations 
of the cross-sectional averages of salinity and velocity, 
which can be shifted out of quadrature by spatiotemporal 
variations of the local salt flux within a tidal excursion 
from a given cross section (Dronkers and van de Kreeke 
1986). Thus, the nonlocal salt flux at a given location 
is significant within a tidal excursion of highly disper-
sive regions, such as near the mouth due to the jet-sink 
exchange of oceanic water into the estuary (Stommel 
and Farmer 1952; Chen et al. 2012) and reaches of the 
main channel where tidal trapping—lateral exchange with 
shoals and side channels—occurs (Okubo 1973). In estu-
aries with complex morphologies such as intertidal mud-
flats, marshes, and channel systems, the nonlocal process 
of tidal trapping can produce significant landward salt 
flux (Dronkers and van de Kreeke 1986).

Tidal trapping is the mechanism by which shoals, 
side channels, and embayments contribute to longitudi-
nal dispersion in the estuary main channel (Schijf and 
Schonfeld 1953; Okubo 1973; Dronkers 1978; Fischer 
et al. 1979; MacVean and Stacey 2011). For oscillatory 
flow in branching channel systems, the effective disper-
sion can be substantially larger than in single channels 
due to the additional flow distortions caused by channel 
splitting (Smith 1996) and phase differences in the oscil-
latory currents (Schijf and Schonfeld 1953). In the main 
channel of an estuary, phasing between velocity and tidal 
elevation is usually intermediate between a progressive 
and standing wave due to a combination of inertial and 
bathymetric effects (Friedrichs 2011). However, within 
side channels such as tributaries and embayments, the 
shorter length causes the phase to be closer to a standing 
wave (Friedrichs 2011). Thus, as the tide rises, the side 
channels or “traps” fill with water from the main channel, 
but once the tide begins to fall, the traps empty back into 

the main channel while it still continues to flood (Schijf 
and Schonfeld 1953).

A conceptual schematic of tidal trapping due to a 
tributary creek is illustrated in Fig. 1. The out-of-phase 
exchange between the creek and main channel introduces 
a freshwater anomaly into the main channel at the junction. 
The tidal dispersion associated with trapping depends on 
the magnitude of this negative salinity anomaly, which 
is advected downstream in the main channel during ebb 
tide. Physically, the relatively fresh creek outflow reduces 
the amount of salt that exits the region downstream of the 
junction during ebb tide as compared to the salt that enters 

Fig. 1   Tidal trapping due to a tributary creek: (a) salt is advected into 
the estuary main channel during flood tide; (b)  the creek fills with 
water from the main channel, inheriting an axial salinity gradient; 
(c) the creek reverses flow direction before the main channel because 
its tidal phasing is like a standing wave due to its shorter geometry, so 
it never fills with the saltiest water which passes the junction; (d) the 
creek empties out as a freshwater plume into the main channel during 
ebb tide, introducing a negative salinity anomaly into the main chan-
nel. The time-series in the upper panel depicts relative velocity mag-
nitude and phasing in the main channel (black) and the creek (gray)
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during flood, resulting in a net landward transport of salt 
over a tidal cycle. This landward transport is balanced by 
the advective seaward transport due to the river flow.

Dispersion due to tidal trapping was most notably 
analyzed by Okubo (1973), who modeled the exchange 
between traps and the main channel as a diffusive source/
sink term in the 1-D transport equation. Applying the con-
centration moment analysis of Aris (1956), he determined 
an analytical expression for the trapping dispersion for the 
case of continuous lateral traps,

where Ktrap,D is the dispersion coefficient due to tidal trap-
ping, r is the ratio of trap volume to channel volume, U is 
the tidal velocity amplitude, k is the exchange rate in the 
traps (typically of the order ∼ 10−4 s−1), and � = 2�∕T  is 
the tidal radian frequency where T = 12.4 h is the M2 tidal 
period. This parametrization highlights the key dependence 
of trapping dispersion on the size and exchange timescale 
of the traps, the square of the tidal velocity amplitude, and 
the tidal period. The scaling represents a tidal velocity scale 
times the tidal excursion length times a nondimensional fac-
tor much smaller than 1 depending on the geometry and 
exchange rate between the traps and the main channel. The 
inverse of the exchange rate defines a residence timescale 
k−1 which corresponds to how long a parcel of fluid spends 
in the trap before it returns to the main channel. As this 
timescale becomes longer, the dispersion associated with 
the trapping mechanism becomes larger because the parcel 
of fluid which entered the trap will be further away from the 
corresponding parcel which remained in the main channel. 
Applying Eq. (1) to the Mersey River estuary with an arbi-
trary exchange rate of k = 1 × 10−4 s−1, Okubo (1973) found 
reasonable agreement with the observed values of dispersion 
rates. However, this parametrization does not explicitly rep-
resent the physics of the exchange process between the traps 
and main channel, and even Okubo (1973) admitted that “a 
precise knowledge of the exchange mechanism between the 
main body of water and the trap would replace k by more 
appropriate parameters.”

MacVean and Stacey (2011) proposed an alternative 
framework which analyzed tidal trapping due to side 
channels by treating them as an advective—rather than 
diffusive—source/sink term out-of-phase with the main 
channel. Applying a similar analysis as Okubo (1973), 
they calculated the effective dispersion rate for a series 
of idealized cases considering different horizontal mixing 
scenarios in the trap. For a branching channel system that 
is vertically and laterally well-mixed, they determined an 
expression for the trapping dispersion,

(1)Ktrap,D =
rU2

�

(
�∕k

2(1 + r)2(1 + r + �∕k)

)
,

where � ∼ r is the ratio of salt mass entering and exiting the 
trap to the salt mass of the main channel and � is the radian 
phase difference between velocity in the main channel and the 
trap. Applying their parametrization to breached salt ponds in 
South San Francisco Bay, MacVean and Stacey (2011) obtained 
significantly smaller dispersion rates compared to the Okubo 
(1973) parametrization, for which they used an exchange rate 
k = T−1 . Given the unrealistically large value they obtained 
using the Okubo (1973) parametrization, they concluded that 
their framework, which accounts for the velocity phase differ-
ence between the main channel and the traps, more accurately 
represents the trapping dispersion in multi-channel systems 
where the exchange between the main channel and the traps is 
an advective process, rather than a diffusive one.

In order to test the theoretical results and compare with 
observations from previous studies, we use high-resolution 
measurements from a combination of moored instruments, 
shipboard surveys, and aerial drone imagery to characterize 
the tidal trapping mechanism in the tributary creeks of a 
salt marsh estuary and provide an empirical measure of the 
associated dispersion rate. The “Methods” section describes 
the field site and experimental setup. In the “Results” sec-
tion, we present detailed observations of transport processes 
in the main channel and the creeks. Then, in the “Analysis” 
section, we use our measurements to calculate a disper-
sion rate due to the trapping mechanism by quantifying the 
salinity anomaly in the main channel resulting from its lat-
eral exchange with the creeks. In the “Discussion” section, 
we compare our empirical estimate of the dispersion rate 
with predictions from theory and discuss the physics and 
implications of the exchange mechanism between the main 
channel and the creeks. We provide a summary of our key 
findings in the “Conclusions” section.

Methods

Field Site

We conducted a field campaign consisting of time-series 
measurements, shipboard surveys, and aerial drone photog-
raphy during July–August 2018 in the North River (Marsh-
field, MA), shown in Fig. 2. This estuary system is con-
nected to Massachusetts Bay at its mouth and includes a 
main channel joined by several smaller tributaries. The chan-
nels are surrounded by salt marshes that become inundated 
during spring high tide. Our study area was located about 
5 km upstream from the mouth and encompassed two tribu-
tary creeks, Stony Brook and Cove Brook, and the adjacent 

(2)Ktrap,A =
�U2

�

[
sin � cos �

(
3cos � + 32sin �

12�

)]
,
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800 m reach in the main channel (Fig. 2). Estuarine condi-
tions range from well-mixed to partially mixed depending on 
tidal conditions and river discharge. Throughout the meas-
urement period, the tidal range varied over the spring-neap 
cycle from 2.2–3.2 m at the study site (Fig. 3a). The cross-
sectionally averaged tidal current amplitudes ranged from 
0.3 to 0.6 m s−1, corresponding to tidal excursions of about 
4–9 km, while the salinity intrusion was estimated to vary 
from 8 to 14 km in length. River discharge was obtained 
from an upstream gaging station (USGS 01,105,730) and 
scaled by a factor of 2.3 based on the ratio of the overall 
watershed area of the estuary to the gauged watershed area. 
The combined watersheds of the tributary creeks were less 
than 3% of the total catchment area at the study site. River 
flow varies seasonally, with average peak discharges during 
the spring freshet of around 50 m3 s−1 and low monthly aver-
ages during the summer of 0.3–2 m3 s−1. During this period 
of summer observations, the base river discharge was about 
0.3–0.5 m3 s−1, with peaks up to 2 m3 s−1 during rain events 
(Fig. 3b). Although the discharge in this estuary is low, the 

cross-sectional areas are small (~ 300 m2), so the influence 
of freshwater is not negligible.

Moorings

Conductivity-temperature-depth (CTD) sensors were 
deployed at moorings along the main channel and tribu-
tary creeks (see Fig. 2) to measure bottom salinity and tidal 
elevation every minute. At the moorings NR1, NR2, and 
CB1 (see Fig. 2), surface CTDs were deployed to provide 
a measure of stratification. Toward the end of the deploy-
ment, salinity measurements from the bottom CTD were 
contaminated by biofouling, resulting in erroneously fresh 
bottom salinities. The bottom salinity values were corrected 
for biofouling using surface sensors to adjust their values 
proportionately upward to eliminate density inversions, 
based on the ratio between bottom and surface salinities at 
the end of each flood tide.

Bottom-mounted Aquadopp profilers (Nortek) were 
deployed at NR1, NR2, and CB1 (see Fig. 2) to measure 

Fig. 2   Map of study area in the North River estuary with tributaries 
Stony Brook and Cove Brook. Locations of moored instruments, sur-
vey transects, and drone image footprint are labeled. The ocean (Mas-

sachusetts Bay) is located to the east, and the study site is about 5 km 
from the mouth of the estuary. Bathymetry contour intervals are 4 m
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velocity profiles over 0.2 m bins at a sampling interval of 
2 min using an averaging period of 20 s at a ping rate of 
1 Hz. Due to marsh vegetation occasionally getting caught 
on some of the moorings and covering the Aquadopp sen-
sors, velocity time-series at NR1 and CB1 are discontinuous 
or incomplete. Shipboard velocity surveys at the transects 
near the NR2 mooring revealed a marked lateral gradient 
in streamwise velocity during flood tide, which resulted 
in an asymmetry in the magnitudes of the ebb and flood 
currents measured at the NR2 mooring. At NR3 and CB3, 
tilt current meters were deployed to measure point veloci-
ties at approximately 1 m above the bed every minute. The 
measurements from the tilt meters were converted to East-
North-Up (ENU) velocities using a standard tilt-to-speed 
curve and factory calibration values. The horizontal veloci-
ties were rotated into the direction of maximum variance to 
achieve the stream-wise and stream-normal velocity com-
ponents (u, v).

Shipboard Surveys

During the deployment period, shipboard surveys were 
conducted with a Nortek Signature 1000 acoustic Doppler 
current profiler (ADCP) and a profiling CTD across nine 
transects in the main channel and along the lengths of the 
creeks. Four days of surveys were completed, corresponding 
to periods of spring ebb (July 12), spring flood (July 16), 
neap ebb (July 27), and neap flood (July 31). In this paper, 

we focus on the neap ebb measurements from July 27, since 
they provide the most complete dataset and clearest visuali-
zation of the tidal trapping mechanism.

During transects, the boat traveled at a slow speed of 
about 0.75 m s−1 to optimize the horizontal resolution of 
ADCP measurements. The ADCP measured velocity over 
0.3 m bins with a sampling rate of 1 Hz and a ping rate of 
4 Hz. Velocity was measured in beam coordinates then trans-
formed to ENU during post-processing. The bottom tracking 
velocity was subtracted from the measured velocity to obtain 
the Eulerian velocity. A mask was applied to the velocity 
based on blanking distance and distance from the bottom. 
Each velocity measurement was rotated towards the direc-
tion of the depth-averaged velocity to obtain the stream-wise 
velocity. This results in a depth-averaged stream-normal 
velocity equal to zero. To reduce noise, a 2-D moving box-
filter was applied to smooth the velocity data over approxi-
mately 10 m horizontally and 1 m vertically.

The CTD used for shipboard surveys measured data at a 
sampling rate of 16 Hz, corresponding to a vertical resolu-
tion of about 0.1 m. A protective frame was used to prevent 
mud from entering the conductivity sensor and affecting the 
measurements when the CTD reached the bed. During cross-
channel transects, CTD tow-yo’s were conducted to maxi-
mize horizontal spatial resolution (~ 10 m). For the along-
creek profiles, CTD casts were taken at regular time intervals 
to optimize spatial coverage and resolution (~ 50 m). Only 
data from down-casts were used, and these values were then 
interpolated onto a regularly spaced vertical grid during 
post-processing.

The position of the shipboard measurements was interpo-
lated based on the time record from an onboard global posi-
tioning system (GPS), which recorded latitude and longitude 
at 1 Hz. Latitude and longitude were then converted to a 
curvilinear (stream-wise, stream-normal) coordinate system 
based on the corresponding channel centerline. In this coor-
dinate transformation, zero in the stream-wise coordinate is 
located at the mouth of the channel and negative distance 
goes upstream. The stream-normal coordinate is zero at the 
centerline and positive (negative) to the right (left) when 
looking upstream.

Drone Imagery

On August 13 during spring conditions, drone imagery 
was obtained during early ebb near the junctions of Cove 
Brook and the North River. A DJI Phantom 4 drone was 
flown overhead the junction at an altitude of about 100 m 
above ground level, recording 24-Hz video footage with 
an image footprint of 160 m by 90 m and a resolution 
of 4.2 cm per pixel. During this time, 2 boats deployed 
surface drifters upstream of the drone image in both the 
main channel and the creek. Additionally, one of the boats 

Fig. 3   Forcing conditions in the North River estuary during the 
study: (a) river discharge, (b) tidal elevation at NR2. The gray shaded 
bars indicate periods of shipboard surveys and the black circle indi-
cates the time of the drone imagery
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conducted ADCP and CTD surveys along transects across 
the mouth of the creek and across the main channel into 
the creek plume. Particle tracking velocimetry (PTV) was 
applied to the individual drifters in the drone video to esti-
mate surface velocities, following a procedure similar to 
Tauro et al. (2019). First, the images were converted into 
binary images based on a threshold in the image intensity. 
Afterward, a filter was applied to isolate the pixels corre-
sponding to the drifters based on the number of points in 
each connected feature. The positions of the centroids for 
each drifter feature were then calculated and tracked from 
frame to frame, enabling the calculation of a Lagrangian 
velocity for each drifter. Since the camera lens showed 
very little distortion, the pixel dimensions were considered 
to be constant throughout the entire image footprint, as 
done by Streßer et al. (2017). The horizontal scale used to 
convert the pixel dimensions to physical space was deter-
mined from ground measurements of a stationary pier in 
the image footprint. Velocities were then smoothed by 
applying a 4-s lowpass filter.

Results

Estuarine Conditions

Figure 4 provides an overview of estuarine conditions and 
the effective dispersion rate over the course of the 45-day 
observation period at the NR2 mooring. The effective dis-
persion rate was estimated from a steady-state balance 
between the advective river flux and diffusive salt flux,

where Qf  is river discharge, K is the effective dispersion 
rate, s0 is the tidally averaged cross-sectional salinity, A0 is 
the tidally averaged cross-sectional area, and �s0∕�x is the 
tidally averaged along-channel salinity gradient. Tidal aver-
ages were calculated using a 33-h low-pass filter, following 
Lerczak et al. (2006). To obtain a local estimate of �s0∕�x 
at NR2, we estimated its value from the maximum salinity 

(3)Qf s0 ≈ KA0

(
�s0

�x

)
,

Fig. 4   Time-series at mooring 
NR2 over the measurement 
period. (a) Freshwater velocity, 
defined as uf = Qf /A0. (b) Tid-
ally varying velocity (thin line) 
and tidal velocity amplitude 
(thick line), which is scaled 
by a factor to account for the 
ebb-flood asymmetry due to 
lateral velocity shear at NR2. 
(c) Tidally varying salinity and 
stratification (thin lines) and 
tidally averaged salinity (thick 
line). (d) Tidally averaged 
longitudinal salinity gradient. 
(e) Effective dispersion rate 
using different lagged filters 
to account for the estuarine 
adjustment timescale. The gray 
shaded bar indicates periods of 
shipboard surveys
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range per tidal cycle divided by the tidal excursion (Banas 
et al. 2004; MacVean and Stacey 2011). We compared this 
calculation of the salinity gradient with upstream, down-
stream, and centered differences of salinity between the 3 
main channel moorings and found that this method provided 
a robust measure of the salinity gradient.

We note that directly estimating the dispersion rate from 
the instantaneous river discharge does not accurately repre-
sent the salt balance in the North River following episodic 
discharge events, due to the finite timescale of estuarine 
adjustment. The timescale of adjustment for the salinity 
distribution in estuaries dominated by tidal processes is 
inversely dependent on the advective velocity due to river dis-
charge (Kranenburg 1986). Based on conditions in the North 
River during the 2018 summer observations, that timescale 
was estimated to be in the range of 3 − 7 days. To account for 
this time dependence, we first apply a boxcar filter to Qf  using 
time lags of 3, 5, and 7 days before calculating K in Fig. 4e. 
Note that during the latter half of the deployment when river 
discharge is fairly constant, all 3 estimates of K converge.

Stratification was largest at the beginning of the observa-
tion period during neap conditions and relatively high river 
discharge (Fig. 4c). Throughout this period of measure-
ments, this region of the estuary is never consistently strati-
fied over an entire tidal cycle—rather, stratification varies 
tidally. During spring conditions when tidal velocities were 
largest, stratification essentially vanishes. The along-axis 
salinity gradient decreased while salinity increased during 
spring conditions, indicating a lengthening of the salt intru-
sion. Over the period of summer measurements, the effective 
dispersion rate required to balance the advective river out-
flow varied from about 10–80 m2 s−1 (Fig. 4e). The effective 
dispersion rate was primarily dependent on the spring-neap 
variability and was largest for spring tides and smallest for 
neap. For the period of shipboard surveys during the neap 
ebb on July 27, the effective dispersion rate was 23 m2 s−1.

Salt Balance in the Main Channel and Creek

The mechanisms which produce the effective dispersion 
rate can be identified by decomposing the subtidal salt flux 
at a given cross section into components resulting from 
different combinations of temporal and spatial correlations 
of velocity and salinity (Fischer et al. 1979; Hughes and 
Rattray 1980; Dronkers and van de Kreeke 1986; Lerczak 
et al. 2006). Here, following Dronkers and van de Kreeke 
(1986), we separate the cross section into a finite num-
ber of differential area elements (dA) which expand and 
contract tidally and then decompose velocity and salinity 
into three orthogonal components which are tidally and 
cross-sectionally averaged (u0, s0) , tidally varying and 
cross-sectionally averaged (u1, s1) , and tidally varying and 

cross-sectionally varying (u2, s2) . The velocity components 
are defined by Eqs. (4-6):

where u0 is the steady cross-sectional average velocity, u1 
is the tidally varying cross-sectional average velocity, and 
u2 is the tidally varying deviation from the cross-sectional 
average velocity. Angle brackets indicate tidal averaging and 
A0 = ⟨∫ dA⟩ is the tidally averaged cross-sectional area. The 
cross-sectionally varying component (velocity shear) can be 
further decomposed into a steady component and a tidally 
varying component, defined by Eqs. (7–8):

where u3 is the steady component of the shear and u4 is the 
tidally varying component. Salinity is decomposed in an 
identical manner, and the subtidal salt flux is given by

Thus, the total salt flux through the section is decomposed 
into four components: the advective outflow due to Q0 , the 
river discharge; the nonlocal tidal salt flux F1 which results 
from the phasing between the tidally varying, cross-section-
ally averaged velocity and salinity; the local steady salt flux 
F3 due to steady shear dispersion; and the local tidal salt 
flux F4 due to the deviations from the cross-sectionally and 
tidally averaged velocities and salinities (Dronkers and van 
de Kreeke 1986). At steady state, the total salt flux F must 
be zero. The salt fluxes are related to the effective dispersion 
rate by F1 + F3 + F4 = −KA0

(
�s0∕�x

)
.

Using this framework, we decomposed the salt fluxes at 
NR1, located in the main channel seaward from the junction 
with the creek, and CB1, located in the creek near the mouth 
(see Fig. 2). Although the velocity time-series at NR1 are 
continuous only for the latter half of the deployment, this 
location had less lateral variability than NR2 and enabled 
more accurate calculations of the salt fluxes. In the creek, 
the velocity measurements were limited to a four-day period 
because the sensor was fouled by detritus within several days 

(4)u0 =
⟨∫ udA⟩

A0

,

(5)u1 =
∫ udA

∫ dA
− u0,

(6)u2 = u − u1 − u0,

(7)u3 =
⟨u2dA⟩
⟨dA⟩

(8)u4 = u2 − u3,

(9)
F = u0s0A0 + ⟨u1s1A⟩ + ∫ u3s3dA0 + ⟨∫ u4s4dA⟩

= −Q0s0 + F1 + F3 + F4.
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of deployment. Since the freshwater velocity is 2–3 orders 
of magnitude smaller than the tidal velocities, the accurate 
measurement of the steady, cross-sectional average velocities 
is difficult to obtain (Hunkins 1981). Therefore, we use the 
river discharge, Qf  rather than measured steady volumetric 
flow, Q0 = u0A0 to calculate the advective salt flux. Tidally 
varying cross-sectional area was calculated using the bathym-
etry by fitting a power law to the hypsometry at the mooring 
locations. We separated each cross section at the midpoint 
of the water column into two depth-proportional layers with 
salinities of the bottom and surface CTDs. Although our 
time-series only provided vertical structure, our shipboard 
surveys confirmed that lateral variations of velocity and 
salinity at NR1 were insignificant. While we did not complete 
any shipboard transects across the creek, we expect limited 
lateral structure due to the narrow channel width of about 
20 m. To calculate the layer averaged velocities, we average 
the velocity measurements from the bins within the top and 
bottom halves of the water column. At NR1, tidally averaged 
values were calculated using a 33-h low-pass filter. However, 
due to the short record of data available at CB1, tidal aver-
ages in the creek were calculated over individual tidal cycles 
starting at flood tide and ending after ebb.

Throughout most of the measurement period, the advec-
tive river flux in the North River near the creek junction is 
balanced almost entirely by the nonlocal salt flux (Fig. 5). 

The local salt fluxes—both steady and tidal—are relatively 
insignificant, owing to strong transverse and vertical mix-
ing which inhibit shear dispersion over the cross section. 
Although the salt fluxes are not resolved during the spring 
tide, we expect that the nonlocal salt flux will continue to be 
the dominant mode of landward salt transport because the 
stronger tidal currents will only strengthen mixing at this 
location. The large nonlocal salt flux indicates that strong 
shear dispersion is occurring elsewhere within one tidal 
excursion of the cross section at NR1 (Dronkers and van de 
Kreeke 1986). The source of this nonlocal salt flux later will 
be investigated later in the discussion.

The salt balance in the creek (Fig. 6) is maintained by the 
local steady salt flux, which is directed landward, and the 
local tidal and nonlocal salt fluxes, which are directed sea-
ward, i.e., counter-gradient. Note that a distinct diurnal ine-
quality is evident in the salt fluxes. For the tidal cycles when 
tidal velocities are larger, the net salt flux is seaward. On the 
following cycle when tidal velocities are smaller, the local 
steady salt flux increases, and the net salt flux is landward. 
The landward local steady salt flux is potentially explained 
by residually stratified conditions and an estuarine exchange 
flow, which is landward at the bottom and seaward at the 
surface. We explore this vertical structure in the subsections 
below. The tidal local salt flux can be seaward if the creek is 

Fig. 5   Salt balance in the North River. Tidal velocity amplitudes are 
shown in (a)  and tidally averaged salt fluxes are shown in (b). The 
advective river outflow (black) is primarily balanced by the nonlo-
cal salt flux (cyan), while the local steady (red) and local tidal (blue) 
components are negligible

Fig. 6   Salt balance in Cove Brook for individual tidal cycles. Tidal 
velocity amplitudes are shown in (a) and tidally averaged salt fluxes 
are shown in (b). The river outflow (black, dashed) is negligible, and 
the primary balance is between the local steady salt flux (red) and 
both the nonlocal (cyan) and local tidal salt flux (blue). The sum of 
the nonlocal and local components is shown by the black solid line, 
which effectively represents the net salt flux
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stratified and the vertical shear is monotonic during periods 
of the flood tide. The opposing fluxes by different mecha-
nisms are the result of the spatial complexity of the junction 
region, which leads to significant nonlocal salt flux, based on 
the analysis by Dronkers and van de Kreeke (1986). In the 
following sections, we examine how variations in salinity and 
flow structure between the creeks and the main channel are 
coupled by the exchange mechanism between them.

Hydrographic Surveys of Tidal Trapping

The impact of the exchange between the creek and the main 
channel on their salinity structures is evident in the ship-
board hydrographic data during the neap ebb tide surveys 
on July 27 (Fig. 7). The first survey (a) occurs while both the 
main channel and the creek are flooding. The cross section 
in the main channel is generally well-mixed, but the creek 

Fig. 7   Hydrographic surveys of salinity along Cove Brook and 
across the North River (transect 5) taken over a period of ebb tide 
(a)-(f)  during neap conditions on July 27. Black triangles along the 
top axis indicate CTD casts. Mooring locations are labeled in (a). 

Bathymetry data is shown by the solid black line and estimates of the 
bathymetry from the CTD casts are shown by the dashed black line. 
Periods of individual surveys are designated by gray shaded lines in 
the upper left plot of the tidal time-series
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becomes strongly stratified upstream from the mouth. The 
second survey (b) occurs around the end of flood tide in the 
main channel. In the creek, the 30 psu isohaline becomes 
nearly horizontal, indicating a relaxation of the horizontal 
pressure gradient, i.e., “lock exchange.” During the third sur-
vey (c), the creek begins ebbing into the main channel with a 
salinity of about 27 psu and stratifies the main channel. The 
bottom layer in the creek becomes disconnected due to the 
presence of the sill near the junction. During the fourth sur-
vey (d), the fresher creek water continues to discharge into 
the main channel, spreading across the entire channel width. 
At that time, the outflow of the creek is similar in magnitude 
to the volumetric flow through the main channel. However, 
during the fifth survey (e), the velocity in the main channel 
relative to the creek has increased, thus the influence of the 
creek outflow on the salinity of the main channel is smaller 
and the fresh surface layer thins. By the sixth survey (f), the 
creek outflow is confined to a small plume on one side of the 
main channel. In the creek, pools of salty water are trapped 
behind the sill near the junction of the creek with the main 
channel, indicating that fresher water leaves the creek before 
the saltiest water.

We note that the creek outflow remains fresher than the 
main channel through ebb tide despite the absence of any 
significant freshwater source. The low salinity water at the 
upstream end of the creek thus must have entered during the 
early flood, when the water in the adjacent North River was 
at its minimum. Thus, although the creek has an axial salin-
ity distribution like an estuary, it is in fact an extension of 
the main channel, from which it derives its salinity structure 

when it fills during flood tide. Yet, while water from the 
main channel is well-mixed when it enters the creek, it 
leaves the creek having significant stratification. Therefore, 
the freshwater anomaly observed in the main channel dur-
ing ebb tide results strictly from the rearrangement of water 
from the main channel after it enters the creek, rather than 
the addition of freshwater. That is, the exchange between the 
main channel and the creeks impacts the longitudinal salin-
ity structure (and consequentially dispersion) in the main 
channel without inputting new freshwater.

Tidal Variation of Salinity and Velocity

The time-series measurements in the North River and Cove 
Brook (Fig. 8) demonstrate the influence of the creek out-
flow on the salinity in the main channel through multiple tidal 
cycles. Over the time record shown in Fig. 8, the impact of the 
diurnal inequality is evident, most notably in how it impacts 
the patterns of stratification in the creek. During this period, 
the tides are larger at night than during daytime. For exam-
ple, the high tide occurring after the shipboard surveys on 
July 27 was about 0.34 m higher than the one which occurred 
during the surveys. Tidal currents are also faster, especially 
for the peak in creek velocity at the beginning of ebb tides. 
Because the marsh is located at an elevation of about 1.1 m 
with respect to the mean tidal level, the inundation and drain-
ing of the marsh only occur during the tides at night over 
this time record. The larger tidal currents at night increase 
turbulent mixing, and as a result the creek fluctuates between 
well-mixed and stratified conditions on alternate ebb tides.

Fig. 8   Time-series of (a) tidal 
elevation, (b) velocity, and 
(c) salinity for the North River 
(black) and Cove Brook bot-
tom (red) and surface (blue) 
measurements. The gray shaded 
bar indicates the period of ship-
board surveys shown in Fig. 7. 
Tidal elevations at high and low 
water are labeled in (a), along 
with the marsh elevation. Tidal 
elevation and salinities are from 
the moorings at NR2 and CB1. 
Velocities are from NR1 and 
CB3. Only the surface salinity 
is shown for the North River. 
The “creek effect” corresponds 
to the salinity deficit in the main 
channel at the beginning of 
each ebb tide, resulting from the 
relatively fresh creek outflows 
entering the North River
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During periods of flood tide, the salinities in the main 
channel and the tributary creek are nearly identical. Essen-
tially, the creek inherits its salinity structure from its time-
dependent boundary with the main channel during flood 
tide (Warner et al. 2002). However, as the tide begins to fall, 
the creek starts ebbing while the main channel continues 
to flood. During the surveys on July 27, the creek began 
ebbing 31 min before the main channel. Due to this phase 
difference, the creek remains consistently fresher than the 
adjacent main channel over a tidal cycle since the saltiest 
water which passes the junction in the main channel never 
enters the creek. The salinity of the outflowing creek water 
drops as it ebbs into the main channel because of the axial 
salinity gradient that the creek obtained from the main 
channel during flood tide. The relatively fresh creek outflow 
alters the salinity of the main channel relative to the purely 
advective influence of the flooding tide. Although the vol-
ume transport from the creek is small compared to the main 
channel, the salinity difference between the creek and main 
channel is large—up to 6 psu over a horizontal distance 
of about 150 m. Thus, the out-of-phase exchange between 
the main channel and the creeks contributes to the “creek 
effect”—a salinity deficit in the main channel through the 
early ebb tide.

Structure of the Creek Plume

The structure of the creek outflow into the main channel is 
readily observed in the aerial imagery. A snapshot from the 
drone footage (Fig. 9a) reveals a visible surface plume exit-
ing from the creek into the main channel during early ebb. 
The distinct color difference between the brown outflow-
ing creek water and the relatively blue main channel water 
provides a clear visualization of the trajectory of the creek 
water as it enters the main channel. The creek plume spans 
the entire width of the main channel and is sharply separated 
from the water of the main channel by a convergent surface 
front on the upstream side of the creek plume. Video footage 
shows that surface drifters which encountered the surface 
front continued to follow it as they moved downstream (right 
of image). On the downstream side of the creek junction, the 
creek plume is also sharply separated from the main channel 
water, where a circulation zone was observed. The results 
from PTV show that the creek outflow reached velocities 
of up to 0.7–0.9 m s−1 at the inside of the bend apex, while 
velocities in the main channel were still 0.1–0.2 m s−1.

Shipboard measurements during the period of drone 
observations reveal further details of the velocity and 
salinity structure at the creek junction (Fig. 10). At the 

Fig. 9   (a) Aerial drone imagery 
taken during early ebb in spring 
conditions. The creek outflow 
is from bottom of the image 
towards the top, while currents 
in the main channel are from 
left to right. (b) Grayscale 
image with surface drifter 
trajectories and velocity magni-
tudes from PTV

373Estuaries and Coasts (2022) 45:363–381



1 3

mouth of the creek, the velocities reach maximum magni-
tudes of 0.6–0.7 m s−1. The slightly larger velocity values 
obtained from the drone PTV analysis compare favorably, 
given that the ADCP could not measure velocity in the 
upper 0.5 m of the water column and that the creek outflow 
is sheared. The salinity of the creek plume is about 30.2 
psu while the main channel is about 31.2 psu (Fig. 10e). 
This salinity difference is much less than the maximum 
observed values from the creek and main channel moor-
ings, indicating the presence of significant mixing between 
the creek mooring at CB1 and the creek junction with 
the main channel. The creek outflow introduces a local 
freshwater anomaly into the longitudinal salinity distribu-
tion of the main channel. Between the creek water and the 
downstream end of the channel (towards B’ in Fig. 10f) 
the local horizontal salinity gradient is about 50 psu km−1, 
indicating a strong front. The salinity inversions evident 

in the nearly vertical isohalines suggest the presence of 
intense turbulent mixing and flow instabilities.

Shear and Stratification in the Creek

In this section, we examine the tidal variation of shear and 
stratification in the creek. Figure 11 shows measurements 
at the CB1 mooring—located behind the sill—from the 
same 4-day period as the salt flux decomposition. We align 
the time-series of velocity, salinity, and the instantane-
ous local salt flux 

(∫ u2s2dA
)
 from multiple tidal cycles 

based on the start of flood tide in the creek. An important 
distinction between this period of neap conditions and the 
one during the shipboard surveys is that for this period, 
the creek remains stratified on each ebb tide as opposed 
to alternating between well-mixed and stratified condi-
tions on individual tides. The persistent stratification of 

Fig. 10   Shipboard measurements obtained during drone survey. Map 
of transects A-A’ and B-B’ and the corresponding horizontal coor-
dinate system for velocities is shown in the upper left. The time of 
the shipboard and drone survey is indicated by the black circle on the 
tidal time series in the bottom left. The panels show (a, b) velocity in 

the streamwise direction of the main channel, u′, where blue is ebb, 
red is flood; (c, d) velocity in the direction of the creek outflow, v′, 
where blue is out, red is in; and (e, f) salinity, where black triangles 
along the top axis indicate CTD casts
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the creek may result from slightly weaker tidal velocities 
and a stronger axial salinity gradient in the creek for this 
period, which enable a stronger baroclinic circulation.

At the beginning of flood tide (hours 0–3), water from 
the main channel enters the creek over the sill. The abrupt 
change in channel depth at the sill, in combination with 
the stratification leftover from the end of the previous ebb, 
causes flow separation of the surface layer over the blocked 
bottom layer behind the sill. This is the only time when the 
instantaneous local salt flux is seaward due to a combination 
of shear and stratification. From hours 3–6, the increasing 
water level reduces the relative change in channel depth at 
the sill and diminishes the flow separation effect. As the 
salinity increases, the bottom layer accelerates while the 
surface layer slows down, consistent with the advance of a 
salt wedge and the influence of a baroclinic pressure gradi-
ent (Geyer and Farmer 1989). During early ebb (hours 6–8), 

there is a sudden acceleration over the entire water column 
when the currents change direction from flood to ebb. The 
abruptness of the early ebb acceleration suggests a nonlinear 
process. Estimates of the water surface slope between the 
moorings CB1 in the creek and NR2 in the main channel 
indicated a large barotropic pressure gradient near hour 6, 
which may be related to the adjustment of the lateral sur-
face slope in the main channel due to faster flood currents 
on the inside of the meander bend near the creek junction 
(see Kranenburg et al. 2019 for discussion of the lateral 
dynamics). The early ebb acceleration is followed by the 
development of a strongly sheared velocity profile in which 
the bottom layer is nearly stagnant from hours 8–12. The 
two-layer flow is accompanied by a strong, persistent pattern 
of stratification, in which the surface layer becomes fresher 
while the bottom layer retains its high salinity. The structure 
of shear and stratification in the creek is consistent with an 
estuarine exchange flow, which drives a landward salt flux 
from hours 3–12. Notably, this baroclinic circulation exists 
despite the absence of any significant freshwater source from 
the head of the creek; rather, it is driven by the baroclinic 
pressure gradient inherited from the main channel.

Analysis

Quantifying the Salinity Anomaly Due to the Creeks

In the absence of the creeks, the salinity variation in the 
main channel would be dominated by the along-channel 
advection. The salinity anomaly observed in the main chan-
nel during ebb tide results from the relatively fresh water 
reintroduced to the main channel by the creek outflows. 
We quantified the magnitude of the anomaly from the ship-
board surveys by comparing the measured salinity to a 
“background” value which would have been observed in the 
absence of the creek outflows. To estimate this background 
salinity, we advected the salinity from the most landward 
transect downstream using the velocity field from the ADCP 
measurements. We assumed that the salinity field at the land-
ward transect remains undisturbed by the creeks because it 
is far enough upstream from the creek mouths based on the 
tidal excursion over the brief period of the flood tide during 
which the creek discharges into the main channel. Although 
our shipboard measurements only spanned the ebb tide, our 
moored observations indicate this is the only part of the tidal 
cycle during which the creeks alter the salinity structure in 
the main channel, thus there would be no salinity anomaly 
caused by the creeks during the flood tide.

To calculate the cross-section averaged values of veloc-
ity and salinity, we interpolated the measurements over a 
regularly spaced grid ( Δy = 1 m, Δz = 0.1m). Near the ver-
tical boundaries, we used a parabolic fit to the two nearest 

Fig. 11   Tidal hour plots of (a) velocity, (b) salinity, and (c) local salt 
flux due to vertical correlations between velocity and salinity in the 
creek. Hours 0–6 correspond roughly to flood tide and hours 6–12 to 
ebb. Time-series are from mooring CB1, located behind the sill near 
the mouth of Cove Brook
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available data points to extrapolate velocity measurements to 
the surface and bottom using zero stress and no-slip bound-
ary conditions, respectively. Similarly, we used a parabolic 
fit to extrapolate surface and bottom salinity measurements 
using no-flux conditions. While using the cross-section aver-
aged values to estimate the kinematics is a simplification, a 
comparison of the salt flux through each cross-section with 
the product of the cross-section averaged salinity and volume 
transport indicated less than 2% difference. This is because 
of nearly well-mixed conditions in the main channel.

To obtain the background salinity field, we numerically 
evaluated the 1-D transport equation using a Lax-Wendroff 
advection scheme (second-order accurate in space and time, 
Lax and Wendroff 1960). Cross-sectionally averaged veloc-
ity at each transect was interpolated with a cubic spline fit 
over a regular time record at intervals of Δt = 60 s to provide 
an estimate of the velocity field. We used salinity measure-
ments from the first survey (before beginning of ebb tide) 
as the initial condition and from the most landward transect 
as the upstream boundary condition. A one-sided difference 
was used at the downstream boundary except during flood 
tide when the salinity at the most seaward transect was used 
as an inflow boundary condition.

We define the salinity anomaly Δs(x, t) as the difference 
between the measured salinity and the estimated background 
salinity (Fig. 12). The evolution of Δs through space and 
time shows how the fresher water from the two creeks, Stony 
Brook (SB) and Cove Brook (CB), enters the main chan-
nel and then is transported downstream. The salinity deficit 
(negative Δs ) due to Stony Brook peaks at around 13:30, 
about 15 min earlier than Cove Brook. A second, smaller Δs 
plume from Cove Brook enters around 17:00, corresponding 
to the second peak in creek velocity observed in Fig. 8b. The 
combined inflows from the creeks reduce the salinity in the 

main channel by a maximum anomaly of 0.8 psu at about 
14:00. These freshwater anomalies mix and are transported 
downstream; thus, the creek effect influences regions down-
stream of the junctions but does not impact the upstream 
reaches significantly. By reducing the salinity of the main 
channel during the ebb tide, the trapping mechanism in the 
creeks produces a landward tidal salt flux.

Calculating the Dispersion Due to Trapping

The dispersion rate corresponding to the exchange between 
the creeks and the main channel is obtained from the tidal 
correlation between the cross-sectionally averaged, tidally 
varying velocity u1 and the salinity anomaly Δs,

In this way, we isolate the component of the nonlocal salt 
flux in the main channel due to the creek effect. To calculate 
the tidal average, we divide the integral term in Eq. (10) by 
T = 12.4 h, the M2 tidal period, since we assume that Δs = 0 
through the flood tide. For consistency with the values of 
the effective dispersion K determined from the subtidal salt 
balance, we use the same value of the along-axis salinity 
gradient �s0∕�x = 2.2 psu km−1 to calculate Kcreek . To esti-
mate the error due to the resolution of our measurements, we 
applied a bootstrapping method by repeating the calculation 
of the background salinity field while neglecting velocity 
and salinity data from a single transect for each instance. 
At transect 5, which coincides with the mooring NR2, the 
nonlocal salt flux due to the exchange with the creeks was 
estimated to be Fcreek psu m3 s−1, corresponding to the dis-
persion rate Kcreek = 22 ± 0.8 m2 s−1 (Fig. 13).

(10)−KcreekA0

�
�s0

�x

�
= Fcreek = ⟨∫ u1ΔsdA⟩.

Fig. 12   Salinity evolution over 
space and time from (a) ship-
board measurements and 
(b) estimated background value 
in the absence of the creek 
effect. The salinity anomaly 
shown in c is the difference 
between the two. The junc-
tions of Cove Brook (CB) and 
Stony Brook (SB) with the main 
channel are designated by the 
vertical dashed lines. Individual 
surveys are indicated by the 
black dots in (a) 
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However, we note the effects of the diurnal inequal-
ity on the salt flux in the creek, which alternates between 
net landward and seaward directions on subsequent tidal 
cycles. Since the shipboard surveys were conducted dur-
ing daytime when the tides were small and the exchange 
flow in the creek was strong, the net salt flux in the creek 
was landward, i.e., the creek gained salt. This is consistent 
with observations of high salinity water trapped behind 
the sill. Thus, Fcreek includes the contribution from both 
the trapping mechanism and the net salt flux into the creek 
since both produce a negative salinity anomaly in the main 
channel.

To obtain a proper estimate of the dispersive contri-
bution of the trapping mechanism for an individual tidal 
cycle, we must first remove the effect of the net salt flux 
into or out of the creeks for that cycle from the total value 
of Fcreek . We estimate the net salt flux into Cove Brook 
for this tidal cycle by scaling a value from the period of 
resolved salt fluxes by the salinity range during the period 
of shipboard surveys. Using an average value of 3 psu m3 
s−1 for the tidal cycles when the net salt flux was landward 
in Cove Brook (see Fig. 6b) and salinity ranges of 20 psu 
(period of resolved salt fluxes) and 15 psu (shipboard sur-
veys), we estimate a net landward salt flux of 2.2 psu m3 
s−1 in Cove Brook for the period of shipboard surveys on 
July 27. We estimate the net salt flux into Stony Brook as 
roughly half that value based on its cross-sectional area 
and obtain a total landward salt flux into both creeks of 3.3 
psu m3 s−1. Subtracting this value from Fcreek , we obtain 
Ftrap,creek ≈ 9.7 psu m3 s−1, with a corresponding disper-
sion rate of Ktrap,creek ≈ 16 m2 s−1. Based on this result, 
the trapping mechanism accounts for more than half the 
effective dispersion rate, K = 23 m2 s−1 (Fig. 4e), required 
to balance the advective river flow near the creek junction 
for this tidal cycle.

Discussion

Comparison with Theory

Here, we compare our empirical estimate of dispersion 
due to the creek effect to theoretical estimates from Okubo 
(1973) and MacVean and Stacey (2011). Representative val-
ues of the tidal velocities, cross-sectional area, and velocity 
phase differences in the North River, Cove Brook, and Stony 
Brook from conditions on July 27 are shown in Table 1. 
For each creek, we estimated the ratio of the trap volume to 
channel volume as r =

(
UcreekAcreek

)
∕UA where U and A are 

tidal velocities and cross-sectional areas, respectively, and 
the ratio of salt transport in the creeks to the main channel 
as � = r

(
s0,creek∕s0

)
 , where we use s0,creek∕s0 ≈ 0.9.

In selecting the Okubo (1973) exchange rate k , we con-
sider here a possible range of values based on how the trap 
residence timescale k−1 relates to dispersion in the main 
channel. We note that using a timescale of one tidal period, 
as done by MacVean and Stacey (2011), would overesti-
mate the dispersion due to trapping because a parcel of 
fluid which enters and stays in a trap for one tidal period 
would return to the same body of water from which it origi-
nated in the main channel, thus resulting in zero dispersion. 
Therefore, we suggest a maximum residence timescale of 
one-half a tidal period, since that corresponds to the largest 
possible displacement between a parcel of fluid which enters 
and exits a trap and a corresponding parcel which remains 
in the main channel. At residence timescales greater than 
one half a tidal period, the oscillatory currents in the main 
channel will decrease the displacement between the two par-
cels. In this case, the effective dispersion given by Eq. (1) 
would correspond to a timescale shorter than one half a tidal 
period. Thus, we suggest that for branching channel sys-
tems such as the North River, the appropriate choice of a 
residence timescale k−1 should only range from a minimum 
value of the velocity phase difference between the traps and 
main channel to a maximum of half a tidal period.

Applying our representative field values to Eqs. (1) and 
(2) yields trapping dispersion rates for the Okubo (1973) 
expression: Ktrap,D ≈ 10 − 34 m2 s−1 and for the MacVean 
and Stacey (2011) expression: Ktrap,A ≈ 7.9  m2 s−1 (see 

Fig. 13   Time-series of velocity (black line), salinity (red lines), and 
salinity anomaly (red shading) at transect 5. The dispersion rate 
due to trapping in the creeks is calculated from the tidal correlation 
between the salinity anomaly and the tidal velocity

Table 1   Representative field values of tidal velocity, cross-sectional 
area, volume ratio, and velocity phase difference in the North River, 
Cove Brook, and Stony Brook on July 27

Variable North River Cove Brook Stony Brook

U (m s−1) 0.4 0.15 0.08
A (m2) 280 50 30
r  −  0.067 0.021
� (min, degrees)  −  31, 15° 44, 22
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Table 2 for summary of dispersion values). Based on the 
similarity between the lower limit of the Okubo (1973) esti-
mates and the value from the MacVean and Stacey (2011) 
estimate, it appears that the two parametrizations become 
nearly equivalent when the appropriate exchange timescale 
is selected to represent the velocity phase difference between 
the main channel and traps. This suggests that the mini-
mum dispersion associated with trapping in the creeks is 
achieved if there is only an out-of-phase advective exchange 
between the main channel and creeks. Our empirical result 
Ktrap,creek ≈ 16 m2 s−1 is twice as large as the advective para-
metrization Ktrap,A and about 60% larger than the advective 
lower limit for Ktrap,D . This difference implies that trapping 
in the North River is impacted by additional transport pro-
cesses in the creeks. In the following section, we investigate 
the mechanism of exchange flow in the creeks and the role 
it plays in supplementing the dispersion associated with 
trapping.

Mechanism of Exchange Flows in the Creeks

First, we consider the conditions leading to the development 
of the baroclinic circulation in the creeks, which—somewhat 
paradoxically—exists despite the absence of a significant 
freshwater source at the head of the creek. The time varia-
tion of salinity in both the creek and the main channel are 
dominated by advection. Since the creeks inherit their axial 
salinity structure during flood tide from their time-dependent 
boundaries at their junctions with the main channel, the tidal 
variation of salinity must be exactly the same at the junc-
tions between the main channel and the creeks. However, 
velocities in the main channel are larger than in the creeks. 
Thus, the axial salinity gradient in the creeks must be com-
mensurately larger, scaling as �screek∕�x ∼

(
U∕Ucreek

)
�s∕�x . 

Since tidal currents in the creek are 3–5 times smaller in 
magnitude than those in the main channel, the salinity gradi-
ent must therefore be 3–5 times larger in the creeks.

This strong axial salinity gradient in the creek drives a 
baroclinic exchange flow that is directed landward at depth 
and seaward at the surface, which strains the axial salinity 

gradient and stratifies the creeks. The conditions for stratifi-
cation in the main channel and the creeks can be compared 
by evaluating the Simpson number, as defined in Eq. (11):

where � = 7.7 × 10−4psu−1 is the coefficient of haline con-
traction, g is acceleration due to gravity, H is the channel 
depth, and CD ≃ 3 × 10−3 is a quadratic drag coefficient 
(Simpson et  al. 1990). Si can be regarded as the ratio 
between the baroclinic pressure gradient, which drives an 
exchange flow that stratifies the water column, and the stress 
divergence, which retards the exchange flow. Larger values 
of Si are associated with persistent stratification whereas 
smaller values are associated with well-mixed conditions 
(Stacey et al. 2001). Estimates from field conditions on 
July 27 result in values of SiNR ≃ 0.55 in the North River, 
SiCB ≃ 4.1 in Cove Brook, and SiSB ≃ 17 in Stony Brook. In 
comparison to the main channel, Si in the creeks is signifi-
cantly larger because the weaker currents both increase the 
baroclinic pressure gradient and decrease the stress diver-
gence, thus sustaining the robust estuarine exchange flow 
observed in the creeks.

The baroclinically driven exchange flow and stratifica-
tion act in concert to enhance the dispersion due to trapping 
by sharpening the salinity contrast between the outflowing 
creek water and the main channel. Stratification inhibits 
turbulent mixing (Bowden 1965), resulting in strong shear 
between the surface and bottom layers of the creeks. The 
exchange flow accelerates the ebbing currents in the surface 
layer of the creeks, effectively increasing their phase differ-
ence with the main channel. Like “playing off the bottom 
of the deck,” the exchange flow in the creek enables fresher 
water that enters the creek during early flood tide to be fast-
tracked back into the main channel once the ebb tide begins. 
This rapid reintroduction of relatively fresh water into the 
main channel amplifies the magnitude of the negative salin-
ity anomaly through ebb tide, thus augmenting the disper-
sion caused by the trapping mechanism.

(11)Si =
�g

(
�s0∕�x

)
H2

CDU
2

,

Table 2   Calculated values 
of effective dispersion and 
dispersion due to tidal trapping 
using different methods. 
Diffusive trapping is from 
Okubo (1973) and advective 
trapping from (MacVean and 
Stacey 2011)

Dispersion Description Value (m2 s−1)

K Effective, Eq. (3) 23
Kcreek Salinity anomaly flux, Eq. (10) 22
Ktrap,creek Salinity anomaly flux minus estimate of net salt flux in creek 16
Ktrap,D Diffusive trapping, Eq. (1) with velocity phase difference for k−1 10
Ktrap,D Diffusive trapping, Eq. (1) with one half a tidal period for k−1 34
Ktrap,A Advective trapping, Eq. (2) 7.9
Ktrap,ex Maximum nonlocal contribution from exchange flow in the creek 9.1
Ktrap,A+ex Advective trapping, Eq. (2) plus the maximum nonlocal contribution 

from exchange flow in the creek
17
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Nonlocal Salt Flux in the Main Channel

Because of advection by the tidal currents, the local salt 
flux due to the exchange flow and stratification in the creek 
contributes to the nonlocal salt flux in the main channel. 
Dronkers and van de Kreeke (1986) showed how the nonlo-
cal salt flux at a fixed cross section is equal to the difference 
between the local salt flux in a plane moving with the tides 
about that cross-section and the local salt flux at the fixed 
location. At each creek junction, the moving planes in the 
main channel will have to split such that a segment enters 
that creek, thus sampling the local salt fluxes within it. The 
exchange between the main channel and the creeks thus 
influences the region within a tidal excursion of the creek 
junction, where differences between the distinct dispersive 
regimes of the highly stratified creeks and the well-mixed 
main channel are communicated via the nonlocal salt flux. 
The exchange flow in the creeks contributes most strongly to 
the nonlocal salt flux in the main channel near the junctions, 
where the moving planes which split and enter the creeks 
spend a significant fraction of the tidal period sampling the 
relatively high local salt flux in the creeks.

To obtain an estimate of the local salt flux in the creek 
during the period of shipboard surveys, we apply the same 
scaling approach used earlier to estimate the net salt flux 
from the creeks. By scaling the local salt flux from the period 
of resolved fluxes (about 5 psu m3 s−1 based on Fig. 6b) by 
the salinity range on the day of shipboard surveys, we esti-
mate a local salt flux in Cove Brook of about 3.8 psu m3 s−1.  
Assuming about half that value in Stony Brook, we esti-
mate the maximum contribution of the exchange flow in the 
creeks to nonlocal salt flux in the main channel would be  
5.7 m3 s−1, corresponding to a dispersion rate of Ktrap,ex = 9.1 
m2 s−1. Adding this value to the estimate from the out-of-
phase advective parametrization Ktrap,A results in a combined 
dispersion rate of Ktrap,A+ex = 17 m2 s−1, which is close to 
our empirical result of Ktrap,creek = 16 m2 s−1. Evidently, the 
exchange flow in the creeks significantly enhances the trap-
ping mechanism.

The spatial influence of the trapping mechanism on non-
local salt flux—and thus, dispersion—in the main channel 
can be inferred from our estimate of the salinity anomaly. 
To produce the negative salinity anomaly in the main chan-
nel, the trapping mechanism essentially exchanges a volume 
of water seaward from the creek junction with a volume of 
relatively fresher water landward from the junction. This 
results in a dispersive downgradient salt flux, which locally 
reduces the axial salinity gradient in the vicinity of the creek 
junction in the main channel. Since all the negative salinity 
anomaly passes through the main channel at the creek junc-
tion, the dispersion due to the creek effect is maximal at 
the junction. Downstream (seaward) from the junction, the 
salinity anomaly which enters the main channel is advected 

downstream by the ebb tide. Therefore, the dispersion due 
to the creek effect will vary from its maximum value of 16 
m2 s−1 at the creek junction to zero at a distance one tidal 
excursion away from the junction.

Other Mechanisms of Dispersion

While the tidal trapping mechanism contributes significantly 
to the effective dispersion rate near the creek junctions, 
other sources of nonlocal salt flux must exist to maintain 
the salt balance throughout the estuary. Near the mouth, it 
is likely that jet-sink exchange at channel expansions would 
be important for driving the landward salt flux (Stommel and 
Farmer 1952; Signell and Butman 1992; Chen et al. 2012). 
The meandering planform geometry of the main channel 
may also enhance lateral shear dispersion (Fischer 1969), 
especially in sharp bends where flow separation occurs (Bo 
and Ralston 2020). Tidal trapping in the shoals near the 
mouth (Ralston and Stacey 2005) and the surrounding salt 
marsh could also contribute to dispersion (Ridd et al. 1990; 
Vallino and Hopkinson 1998); however, the dispersive effect 
of the salt marsh is limited to spring conditions when the 
marsh is significantly inundated (Dronkers 1978).

Implications of the Exchange Flow in the Creeks

The enhancement of the tidal trapping dispersion by the 
exchange flow in the creeks represents a mechanism which 
may play an important role in other multi-channel estuary 
systems, such as salt marsh tidal creek networks like the 
Coos Estuary (Conroy et al. 2019) and the Plum Island 
Sound Estuary (Vallino and Hopkinson 1998), as well as in 
urbanized estuaries with various human-made ports and side 
channels like Newark Bay (Corlett and Geyer 2020). How-
ever, the impact of the exchange flow in the side channels 
on dispersion in the main channel will depend strongly on 
the geometry of the side channel—if it is too small, then the 
volumetric exchange with the main channel will be minimal 
and thus the total contribution to the dispersive salt flux will 
be negligible, but if it is too large, then the tidal velocities 
can become similar to the main channel and thus the axial 
salinity gradient—which drives the exchange flow in the side 
channel—will not be significantly enhanced. Additionally, 
as the side channel becomes longer, the tidal velocity phase 
difference between it and the main channel decreases, which 
also reduces dispersion by trapping.

In addition to enhancing dispersion, the exchange flows 
also stratify the creeks and greatly amplifies the volumetric 
exchange with the main channel, which could potentially 
impact the biogeochemistry of multi-channel estuary sys-
tems. For example, Nicholson et al. (2018) observed notable 
differences between salinity-methane and salinity-CO2 rela-
tionships in the North River and Cove Brook. By increasing 
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the volumetric transport between the main channel and the 
creeks, the exchange flow in the creeks therefore influences 
the nutrient distribution in the estuary system.

Conclusions

For short estuaries such as the North River where the tidal 
excursion is similar in length to the salinity intrusion, local 
morphological features such as side channels can contribute 
significantly to a landward nonlocal salt flux, which is bal-
anced by the seaward river flow. In multi-channel systems, 
the trapping mechanism describes the out-of-phase exchange 
between the main channel and side channels, which produces 
a dispersive salt flux by introducing relatively fresh water 
from the side channels back to the main channel during the 
ebb tide. If tidal currents are weaker in the side channels than 
in the main channel, the axial salinity gradient in the side 
channels must be correspondingly larger than in the main 
channel. Therefore, even if turbulent mixing due to tidal cur-
rents is sufficient to suppress an estuarine exchange flow in 
the main channel, the combination of a stronger axial salin-
ity gradient and weaker mixing may still enable an exchange 
flow to develop in the side channels. Notably, this baroclinic 
circulation can exist even without freshwater sources at the 
heads of the side channels. By fast-tracking fresher surface 
water back to the main channel, the exchange flow in the side 
channels sharpens the salinity contrast between the main 
channel and the outflow from the side channels, thus enhanc-
ing the dispersion due to trapping.
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