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SUBTIDAL FLOW STRUCTURE IN TIDALLY MODULATED INLETS

Thomas C. Lippmann', James D. Irish', John Hunt'

Abstract

Observations of the vertical structure of subtidal currents were obtained on the inner shelf within Hampton and New
River inlets located on the eastern U.S. seaboard. Currents on the inner shelf have complex vertical variation with
speeds that attenuate over the water column and rotate with increasing depth up to 180 deg, and are strongly influenced
by local winds. Within the primary inlet channels, subtidal currents are directed seaward and have reduced vertical
structure, do not depend on local wind forcing, and are closely aligned with bathymetric contours. However, at New
River, surface currents aligned with a secondary channel 300 m to the north are directed landward, and have stronger
vertical structure with near-bottom flows often heading in the opposite direction. The observed subtidal circulation
provides a means to grossly estimate fresh water discharge, and has implications to morphologic evolution in the inlet.
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Introduction

The scales of bathymetric change in shallow water near river mouths and inlets ranges significantly in both
time and space. This variability is, in part, a result of complex fluid-sediment interactions near the seabed,
and is driven at both large and small scales by tides, surface gravity waves, wind driven flows, large scale
geostrophic currents, and river discharges. It has long been known that mean flow in shallow water has
strong vertical structure owing to the presence of the sea bed and its “roughness” elements. It has also long
been recognized that tidal flows on the continental shelf exhibit strong vertical variation in amplitude,
phase (relative to the surface, for example), and rotation, a result dependent partially on Coriolis but
primarily on the presence of the tidal flow boundary layer (Prandle, 1982). Adding to the complexity are
influences by non-tidal currents, generally driven by changes in weather patterns near the coast, and of
particular interest herein, by local winds. Much work has been done to characterize subtidal currents on
the continental slope (e.g., Noble and Ramp, 2000) near river mouths (e.g., Lentz, 1995), on the inner shelf
(e.g., Beardsley, et al., 1985), within estuaries (e.g., Wong and Garvine, 1984; Wong and Valle-Levinson,
2002), and in other coastal environements such as coral reefs (e.g., Taebi, et al., 2011). In this work we
present observations of subtidal current structure on the inner shelf outside the river mouths and within the
channels of two inlets. Subtidal current speeds and directions are compared qualitatively to observation of
local winds. Results indicate a complex vertical structure that varies across the shelf and into the inlet
where horizontally varying subtidal circulation is evident.

Methods

Field measurements were acquired at two dynamic, tidally modulated inlets. Each experiment took place
over a four-week period, the first at Hampton/Seabrook Inlet in New Hampshire in the fall of 2011, and the
second at New River Inlet in southern North Carolina in the spring of 2012. Three bottom-mounted,
upward-looking acoustic Doppler current profilers (ADCPs) were deployed outside the inlet mouth on the
inner shelf and within the inlet channel. Currents were sampled in 0.1 — 0.5 m bins continuously at 1 — 1.6
hz for 30 days and were used to examine the vertical structure of the mean currents. The vertical structure
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of the currents are examined as a function of cross-shelf location and in the presence of temporally varying
coastal winds. Details of the field instrumentation and deployments can be found in Lippmann, et al.
(2013), and are only summarized herein.

Figure 1 shows the location of the ADCPs deployed in 7.5 and 12.5 m water depths on the inner shelf,
and in 3 m depth on the flank of the main inlet channel. Pressure sensors within the ADCP housing
measured near-bottom pressures, and are used to observe the local wave field. Offshore waves were
determined from an offshore directional wave buoy deployed in 76 m water depth on Jeffries Ledge (see
the Coastal Data Information Program for details at http://cdip.ucsd.edu). Figure 2 summarizes the
environmental conditions encountered during the Hampton experiment. Tides during the 4-week period
ranged about 2.5 — 4 m in elevation, spanning a single neap-spring cycle. Offshore root-mean-square wave
heights ranged from about 0.2- 2.0 m, and varied with the occurrence of three storm events. Mean wave
periods ranged from 4-12 seconds and were determined by local winds and distance swell generally out of
the south-east. Winds were observed at an elevation of 7.6 m above sea level with a meteorological station
at an onshore location (Figure 1; Weather Underground, Inc., http://www.wunderground.com). Winds
were highly variable with speeds ranging from 0-15 m/s, and directions dependent on the passage of
several weather fronts. Depth-averaged currents were strongly tidally modulated and influenced by the
spatial location of the instruments relative to the inlet mouth, with observed maximum 30 min averaged
currents around 1.1 m/s. Depth averaged current directions were strongly modified by the local winds
(Figure 2), and suggest a strong influence of wind-driven subtidal currents. Wind and wave directions in
Figure 2 indicate where they are coming from, whereas current directions indicate where the flow is headed.
Later (Figures 4-9), we transform the wind directions to indicate where the wind is headed for comparison
to the currents.
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Figure 1. (Left) Field site for the Hampton/Seabrook Inlet experiment in southeastern New Hampshire
on the northeast seaboard of the U.S. Color contours show the bathymetry relative to NAVDS88 from
multibeam surveys during the experiment. The location of ADCPs are shown in 12.5, 7.5, and 3 m
water depths. (Right) Google Earth Image of the New River Inlet Field site near Topsail Beach, NC,
USA, showing the location of ADCP’s (green dots), and bathymetric contours relative to NAVDS8S
(black dashed lines).

Figure 2 shows the location of the same ADCPs deployed at New River Inlet in 9 m water depth seaward
of the inlet, in 8 m water depth inside the main inlet channel to the south side of the inlet, and in 2.5 m
depth in a secondary channel on the north side of the inlet. Offshore waves were measured with a
directional waverider buoy in 12 m water depth well outside the inlet mouth
(http://www frf.usace.army.mil/nri/). Figure 3 summarizes the environmental conditions encountered
during the New River Experiment. Tides ranged from 1-2 m amplitudes over the 4-week period and
spanned a single neap-spring cycle. Offshore wave heights ranged from 0.4-1.7 m with the passage of 1
storm and a few mild wave events. Mean wave periods ranged from 4-8 s and generally originated from
the south and east of the site. Winds were measured on a piling located just offshore the shoreline to the
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south of the inlet about 4.3 m above sea level (http://herschel.apl.washington.edu/darla/MET). Winds
varied over the course of the experiment, with speeds ranging 0-10 m/s, and directions determined by the
passage of several frontal systems. Currents observed at the ADCP locations show strong tidal
modulations with maximum depth-averaged speeds in the inlet of 1.5 m/s and directions offshore that were
strongly modulated by the winds, again indicating a strong offshore influence by subtidal currents.
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Figure 2. Environmental conditions during the Hampton Inlet field experiment. Wave data from the
offshore waverider buoy is shown in blue. Wave and current data: 9 m — red; 7.5 m — green; 3 m —
black. Wind and wave directions indicate where the wind is coming from. Current directions indicate
where the flow is headed.
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Current time series at each vertical bin at each ADCP location were low-pass filtered to remove tidal
modulations using the pl66 filter (Flagg, et al., 1976; Limburner, 1985; Beardsley, et al., 1985; Beardsley,
etal.,2004). A 33 hr half-amplitude period was used to eliminate higher frequency modulations, and were
used to examine the subtidal modulations. Winds were also filtered in the same manner for comparison to

the currents.

New River

Wave Directior
(deg
b
Rl
i
3
by
i
){*

£ Zo
]

Wind Speec
(mis;

o
2
S
=
a0
23
0
N ;.-..--..._\h*-...-,.s.a{" *,u«-\{-.‘..._.»..-.
" - \qﬂ.fwt‘&qu""' i“ﬁ'& -’ amnmn
S }i‘f
g S 4 bt e ik s
535 q—-“gqavv -\ﬁpﬂ-@hﬁﬂﬁ"ﬂ .pnmﬁ“-‘h"dﬁﬂnﬁ“p“f“?i \-’:rg--\
¥ .| m"_‘%’:‘-‘&!.““‘*"“““r'““ﬂg f;i“}‘ P A:::"f,"_",’ig _,_} \ANe
RN T AN AR T TR
o™ 38 $ AN Y SREME TS ADE i
T T T T T T T T T ]
04/24 04/26 0429 0502 0504 0507 05/1 0 0513 0515 0518 0521 05/24

Date 2012

Figure 3. Environmental conditions during the New River field experiment. Wave data from the
offshore waverider buoy is shown in blue. Wave and current data: 9 m — red; 8 m — green; 2.5 m —
black. Same directional convention for winds and currents as in Figure 2.
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Results

Subtidal current speed and direction observed near the surface, at mid water column depths, and near the
bottom at the offshore ADCP location in 12.5 m depth at Hampton Inlet are shown in Figure 4. Also
shown in the figure are wind speeds and direction. To directly compare to currents, the wind directions
now indicate where the winds are headed (opposite to that shown in Figure 2). Surface current speeds at
this location range 1-15 cm/s, and although are observed to follow the gross behavior of the wind speeds,
have periods with phase lags relative to wind changes and magnitudes that do not appear to be wind related.
Surface current directions do not always follow the general behavior of the wind. Mid and near-bottom
currents generally follow the surface but are weaker, with average near-bottom flows of 5 cm/s. The
current direction generally rotates with increasing depth, deviating significantly from the surface by as
much as 180 deg indicating strong influences from bottom drag and other non wind-driven sources (e.g.,
shelf currents or large scale density driven flows).

Closer to shore at Hampton, just outside the inlet in 7.5 m water depths, surface currents more closely
follow the winds in both speed and direction (Figure 5). Surface current speeds ranging 2-25 cm/s are
larger than those in deeper water, and strongly decay with depth in a similar fashion. Rotational changes
with depth are not as pronounced, with near-bottom flows within 10-20 deg of the surface flows. Inside
the inlet at Hampton, surface currents speeds are only slightly modulated by the winds, and have directions
that vary over a much narrower range (Figure 6). Subtidal currents are aligned with the general direction
of the inlet channel, and flow eastward out of the inlet with average speeds of about 20 cm/s.

At New River, subtidal currents on the inner shelf in 9 m water depth (Figure 7) follow variations in the
wind speed and direction more closely than at Hampton. Surface current speeds are similar to Hampton,
ranging 1-20 cm/s, and again decay strongly with depth. Near bottom currents change direction similarly
to surface currents, with much less deviation over depth. Inside the inlet in 8 m water depth of the main
channel, currents do not follow wind patterns, and are aligned with the bathymetric contours (Figure 8).
Subtidal inlet currents in this main channel are directed seaward and have stronger flows that vary from 4-
40 cm/s. Currents within the shallower (2.5 m water depth), secondary inlet channel to the north side of the
inlet, are also generally aligned with the bathymetric contours. Current speeds here are more strongly
modulated by the winds, and have directional changes over the water column that vary as much as 180 deg,
with near-bottom currents headed in the opposite direction as the surface flows. Surface currents are
similar, ranging about 2-40 c¢m/s but are directed landward, opposite to that observed in the deeper channel
to the south side of the inlet.
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Figure 4. Subtidal (low-pass filtered) time series of the surface (green), mid (blue), and near-bottom
(red) currents observed at the offshore ADCP in 12 m water depth from Hampton Inlet. Current speed
and direction (relative to true north) are shown in the lower and upper panels, respectively. Also shown
are the wind speed and direction (black).
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Figure 5. Same as Figure 4 for the mid-shelf ADCP in 7.5 m water depth at Hampton Inlet.
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Figure 8. Same as Figure 4 for the ADCP in 8 m water depth within the main inlet channel at New
River Inlet.
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Figure 9. Same as Figure 4 for the ADCP in 2.5 m water depth within the shallower inlet channel at
New River Inlet.
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Discussion

Observations of subtidal currents show strong vertical variation over depth, with surface currents often
times much stronger than near the bottom indicating the presence of a boundary layer that spans the water
column. Near-bottom currents rotate relative to the surface, sometimes oriented in the opposite direction.
Subtidal surface currents are largely determined by the winds, particularly in shallower depths closer to the
inlet mouth. However, there are times when other processes modify the subtidal flow patterns, likely due
to unresolved larger scale density-driven flows on the shelf. This strong vertical variation in slowly
varying subtidal flows suggests a complex three-dimensional circulation on the shelf that may play a role
in the net sediment transport in the region.

A net seaward subtidal flow is observed at Hampton inlet that is not modified strongly by local winds.
The net discharge of fresh water from the Hampton/Seabrook estuary inside the inlet can be grossly
estimated using the average mean subtidal current (approximately 20 cm/s) and assuming the subtidal
current is constant across the inlet. Measurements of the cross-inlet profile can be used to estimate the area
that the discharge passes through, and results in a net discharge rate of roughly 180 m/s, or about 15 x 10°
m’/day. This net seaward transport at subtidal frequencies has potential impact on the net sediment budget
in the region.

Subtidal flows in New River Inlet show strong horizontal variation. Along the main channel on the
southern side of the inlet, subtidal flows are directed seaward at, on average, 20 cm/s, whereas along the
secondary channel the subtidal flows are directed landward at about 15 c¢m/s. The net subtidal transport in
the inlet is complicated by the strong vertical variation observed at the shallower northern channel. The
circulation in the upstream estuary is further complicated by connection to the large Stones and Morgan
Bay’s and the intercoastal waterway that extends far to both the north and south. Unfortunately, the limited
spatial coverage provided by the two sampling locations examined herein precludes estimation of the net
fresh water discharge at New River. Nonetheless, the subtidal circulation has implications to the overall
morphologic evolution of the inlet and may contribute to the shoals that build up in the center portion of
the inlet.

Conclusions

Observations of the vertical structure of currents were obtained in two tidally-dominted inlets, each over a
4-week period. In this this work we focus on the structure and spatial variation of subtidal currents
averaged over 30 min intervals. Observations were obtained on the inner shelf in 12.5 and 7.5 m water
depths and within the inlet channel in 3 m water depth at Hampton Inlet in southeastern New Hampshire,
USA, in the fall of 2011, and on the inner shelf in 9 m water depth and within the inlet in 8 and 2.5 m water
depths at New River Inlet in southern North Carolina, USA, in the spring of 2012. Subtidal currents on the
inner shelf have complex vertical variation, with speeds that attenuate strongly and rotate up to 180 degrees
over the water column. Surface subtidal currents on the shelf are influenced by local winds, particularly in
shallower shelf locations closer to shore. Within the primary inlet channels, subtidal currents ranging 5 to
40 cm/s are directed downstream (offshore) and have reduced vertical structure, do not depend on local
wind forcing, and are closely aligned with principal axes of the channel. However, at New River subtidal
surface currents aligned with the secondary, shallower channel 300 m to the north are directed upstream
(onshore), and have stronger vertical structure with near bottom flows sometimes heading in the opposite
(offshore) direction. The seaward flow at Hampton can provide a gross estimate of the net freshwater
drainage from the Hampton/Seabrook Estuary (180 m’/s). At New River, observed subtidal currents
indicate a horizontal circulation within the inlet, with net seaward flow out the southern (main) channel and
net landward flow along the northern (secondary) channel, that has implications to morphologic evolution
within the inlet.
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