Semi-diurnal seiching in a shallow, micro-tidal lagoonal estuary
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Abstract

Analysis of current meter data in the Neuse River Estuary (NRE) associates over half of
the along channel velocity variance with roughly the semi-diurnal frequency band. Velocity in
this frequency range is episodic, has a typical magnitude of 10 cm s and often reaches twice this
speed. The NRE is a sub-estuary of the Albemarle-Pamlico Estuarine System (APES), which is
the second largest estuarine complex and the largest lagoonal estuary in the United States. The
astronomical tide in the NRE is negligible, owing to the APES's virtual isolation from the coastal
ocean by the North Carolina Outer Banks barrier island chain. The episodic nature of the
velocity signal together with the lack of an astronomical tide suggest that the semi-diurnal signal
in the NRE is generated within the APES/NRE, presumably due to meteorological forcing. In
the absence of atidal current, this motion plays a significant role in determining the position and
strength of the salt wedge, the thickness of the diffusive bottom boundary layer and the overall

dispersion characteristics of the system.

The episodic nature of the semi-diurnal signal encouraged us to pursue the use of
nonstationary timeseries analysis techniques in the present study. We found wavelet analysis to
be a highly effective technique for discriminating times when the semi-diurnal motion was
strong and for identifying a predominant 13.2 hr period in the along channel component of both
10-week wintertime and 10-week summertime current meter records. Model runs using
idealized wind forcing to excite the vertically-integrated version of the ADCIRC finite element
circulation model indicated that the APES has a natural mode oscillation period of 13.2 hrs, an
average "seiche depth” of 3.5 mand a"seiche length" of 139 km. Thislength is closeto that of
the long axis of Pamlico Sound, although the depth is approximately 25 percent less than the

sound's 4.5 m mean bathymetric depth. Model runs using observed winds from Cape Hatteras
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reproduced the seiching behavior of the system during both the wintertime and summertime
observational periods. Seiche events appear to be excited by significant shiftsin either the

magnitude or direction of the wind field.
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1. Introduction

The Albemarle-Pamlico Estuarine System (APES), covering an area of ~6,600 km?, is the
second largest estuarine complex and the largest lagoonal estuary in the United States (Fig 1). It
drains an area of ~80,000 km? and annually processes ~29x10°’m? of freshwater runoff from the
states of North Carolinaand Virginia (Giese et a., 1985). The APES is comprised of a system of
broad, shallow, drowned river valleys that have been nearly isolated from the coastal ocean by
the North Carolina Outer Banks barrier island chain. Exchange between the APES and the
coastal ocean occurs primarily through three small (~1 km wide) inlets. Albemarle Sound
(~85 km x 12 km x 5 m) and Pamlico Sound (~120 km x 40 km x 4.5 m) are the two largest
components of the APES and are connected through the much smaller Croatan and Roanoke
Sounds (collectively ~20 km x 7 km x 2.5 m). Pamlico Sound is bisected by Bluff Shoal which
extends NNW from Ocracoke Inlet across the sound and has an average depth of ~3 m. NE of
Bluff Shoal, the larger northern basin of Pamlico Sound drops smoothly to a maximum depth of
~7.5 m; SW of Bluff Shoal, the shallower southern basin is penetrated by shoals projecting from

the western shore and atidal delta associated with Ocracoke Inlet.

The Neuse River Estuary (NRE) empties into the SW corner of Pamlico Sound (Fig. 1).
It is a shallow, river-estuary with a mean depth of ~3.5 m, width of ~6.5 km, and length of
~70 km. Like many estuaries, the NRE has seen rapid growth along its shores and within its
watershed during the past 50 years. This growth is believed to have resulted in eutrophication
and long-term degradation of water quality in the NRE since nuisance algal blooms, hypoxia and
fish kills have al been observed in recent years (Christian et al., 1986; Paerl et a., 1998). To
help discern the role that flow has in affecting water quality variability, we have investigated the

circulation characteristics in the NRE and the APES.
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Figure 1. Location drawing of the Albemarle-Pamlico Estuarine System including the Neuse River Estuary.
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Previous studies have concluded that wind stress comprises the primary forcing
mechanism for water level fluctuationsin the NRE (e.g., Luettich et al., 2000) as well asin much
of the Pamlico Sound (e.g., Roelofs and Bumpus, 1953; Pietrafesa et a., 1986). Factors
contributing to this behavior include: (i) the small barrier idand inlets connecting the APES with
the coastal ocean, (these inlets restrict tidal exchange and consequently strongly quash the
astronomical tidal signal in this system), (ii) the large surface area of the APES, and (iii) the
alignment of the long axis of Pamlico Sound with the prevailing wind direction. Wind forcing is
particularly evident in the synoptic weather band (~2 days to a week) and consists of water
driven from Pamlico Sound into the NRE in response to wind blowing toward the SW and water
driven out of the NRE into Pamlico Sound in response to wind blowing toward the NE, (Luettich
et a., 2000). At longer periods water level in the NRE also responds to changes in freshwater
discharge in the Neuse River (Luettich et al., 2000). Circulation at these time scales determines

gross water movement and residence time in the estuary.

At shorter periods, several authors have noted a roughly semi-diurnal response in water
level (Robbins and Bales, 1995 ) or velocity (Knowles, 1975) inthe NRE. In fact, as shown
below, motion in this frequency range dominates the velocity signal in the Neuse. Y et analyses
by Jarett (1966), Pietrafesa et al., (1989) and Kim (1990), (see also Figure 4, below) suggest that
the astronomical tidal constituents account for only afew percent of the variance in the water

level or velocity signal.

The purpose of the present study is to determine the cause and predictability of the semi-
diurnal responsein the NRE. The substantial velocity energy in this frequency range is
important for determining the longitudinal position and strength of the salt wedge (which is

closely coupled to the location of low oxygen water, (Borsuk et al., 2001; Buzzelli et al., 2001,
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Luettich et al., 2000)), the thickness of the diffusive bottom boundary layer (which controls
exchange between the sediments and water column (Luettich et al., 2000)) and the overall

dispersion characteristics of the system. Initial inspection of time series plots indicated that
while this response was often persistent in the raw data, it was aso clearly episodic in time,

presumably owing to meteorological forcing.

Standard analysis methods employed in oceanography, such as Fourier analysis
(including power spectral and coherence analyses) or least squares harmonic analysis, assume
stationary time series and generate a timeseries-averaged amplitude and phase for each frequency
component (Emery and Thomson, 1997). Herein, we utilize wavelet analysis, arelatively new
technique that generates a localized (in time) amplitude and phase for each frequency component
in atimeseries and is therefore well suited for identifying periodic signals in nonstationary data.
While wavelet analysis has been used to study tidal signals in the presence of a nonsteady river
discharge (Jay and Flinchem, 1997, 1999; Flinchem and Jay, 2000), we are unaware of its
previous use for analyzing any meteorologically forced estuarine processes. In our case, we
found this technique to be extremely powerful for identifying the response frequency as well as
episodes of occurrence in both observed and model-generated data. These results indicate that
the semi-diurnal energy in the NRE can be well accounted for as a seiche in Pamlico Sound that

is set up by variability in the wind field.
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2. Field Data

Field data has been collected in the NRE as part of the multi-institutional MODMON
(MODeling and MONitoring of the NRE) program. Current speed and direction, conductivity,
temperature and pressure were obtained from several 10-week deployments of two InterOcean
S electromagnetic current meters between August 1997 and November 1998. One instrument
was mounted near-bottom on a fixed frame (75 cm above bottom) and the other moored near-
surface (75-125 cm below surface) in an average depth of 4 m just upstream of the bend in the
NRE (Fig. 1). Meteorologica data was available from the nearby Marine Corps Air Station, in
Cherry Point, NC, and from a National Weather Service facility at Cape Hatteras, NC, on the
Outer Banks barrier idands. Below we analyze representative wintertime (12/17/97 - 3/4/98)
and summertime (7/2/98 - 9/15/98) data sets. Initial analyses of these data indicated that the near
semi-diurnal response was relatively uniform over the depth and therefore barotropic in nature.
Consequently, the near-surface and near-bottom velocity data were averaged together for these
analyses. Velocities were rotated into an along channel and across channel coordinate system.
The along channel direction was determined as that producing the greatest total variance in the
velocity signal and corresponded closely with the local bathymetric contours and the general

NRE orientation upstream of the bend.

Power spectral plots of water level and along channel velocity are presented in Figure 2.
Both the winter and summer water level spectra show primary energy at frequencies of severa
days and longer. The water level response in the synoptic frequency band (e.g., 2 - 7 days) is
highly coherent with the component of wind velocity oriented NE - SW (parallel to the long axis
of Pamlico Sound) and represents the forced response of Pamlico Sound and the NRE to

synoptic scale meteorological systems (Pietrafesa et al., 1986; Luettich et al., 2000). There
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Figure 2. Fourier power spectral plots of water level and along channel velocity for the winter and summer data
sets. Vertical lines on each plot indicate the semi-diurnal frequency.

isarapid roll-off in both the winter and summer water level spectra at higher frequencies,
although a slight semi-diurnal response is suggested in each. In contrast, the winter and summer
along channel velocity spectra are relatively flat across a wide range of frequencies with highest
energy levels centered near 12 hours. Integration of these curves indicates that approximately 55

percent (winter) and 62 percent (summer) of the total variance in the along channel velocity

signal occurs at periods from 6 to 18 hrs.
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Figure 3. Coherence and phase plots of water level and along channel velocity for the winter and summer
data sets. The horizontal dashed line indicates the 95 percent confidence level for coherence.

Water level and along channel velocity are highly coherent but approximately 90 deg out
of phase over this range of frequencies suggesting that the motion represents barotropic standing

waves (Fig. 3).



Luettich et al.

Figure 4. Comparisons between water level time series reconstructed from seven tidal congtituents (Og, K1, N2,
M2, S, M4, Mg), raw water level measurements and 30 hour highpass filtered water level measurements. The
reconstructed tidal signals have been offset by 2m and the 30 hour highpass filtered signals have been offset by
1m for clarity.

A least squares harmonic analysis was performed using seven tidal constituents, O1, K1,
N2, M2, S2, M4, M6, on the water level and along channel velocity data. Figure 4 compares
reconstructed water level time series using the computed amplitudes and phases with the raw
water level signal and a 30 hour high pass signal. The reconstructed tidal signal captures

approximately one percent of the variance in the raw water level time series and six percent of

10
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the variance in the 30 hour high pass water level time series. The aong channel velocity signal

behaves similarly.

Visual inspection of the along channel velocity record clearly indicates the pervasive yet
nonstationary nature of the semi-diurnal velocity signal (Luettich et al., 2000). Therefore, we
have analyzed this data further using continuous wavelet analysis, arelatively new technique in
oceanographic data analysis that generates alocalized (in time) amplitude and phase for each
frequency component in atimeseries and is therefore well-suited for extracting periodic signals
from nonstationary data. Several guides have been published recently on wavelet analysis. We
found the material by Torrence and Compo (1998) together with the software referenced therein
to be particularly helpful. The results presented below utilize a Morlet wavelet as the wavelet

function.

Local wavelet power spectrafor the winter and summer data sets are presented in Figure
5. Both periods indicate episodic yet recurrent energy at periodsin the 10 - 15 hour range.
Energy levelsin this range are greater and more pervasive in the winter data set as compared to
the summer. During the winter and early summer episodes appear to occur every 2 - 5 days,
while occurrences during the latter two-thirds of the summer data set are significantly less

frequent.

If the local wavelet spectra are averaged in time over the measurement period, two-
dimensional plots of the global wavelet power spectra are obtained, Figure 6. These plots
indicate a well-defined response in both the winter and summer along channel velocity data sets

at aperiod of 13.2 h.

11



Luettich et al.

Figure5. Local wavelet power spectra plots for the winter and summer along channel velocity data sets.
For clarity, the y-axis on each plot has been limited to periods of lessthan 30 hours. Dashed linesindicate
the "cone of influence" outside of which edge effects become important in the analysis (Torrence and
Compo, 1998).

12
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Figure 6. Global wavelet power spectra plots for the winter and summer along channe velocity data sets
computed by averaging the local wavelet power spectra over the observational period.

3. Moddl Simulations

The barotropic, vertically-integrated, finite element circulation model ADCIRC-2DDI
(Luettich et al., 1992) was used to investigate whether the observed velocity response could be
attributed to a seiche in the APES. The model grid, (Fig. 7), redistically represents the system
geometry and bathymetry (Fig. 1) including the major associated river estuaries and the
connection between Pamlico and Albemarle Sounds. For the purposes of this study, the APES
was assumed to be completely isolated from the coastal ocean thereby eliminating any
astronomical tidal signal and any meteorologically-driven exchange through the barrier island
inlets. As discussed above, the small size of these inlets makes them ineffective for transmitting

a significant amount of water in the semi-diurnal frequency band of interest herein.

The basic seiche behavior was assumed to be barotropic because: (i) our near bottom and

near surface current meters registered a very similar response in the seiche frequency band even

13
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Figure 7. Finite dement grid of the Albemarle-Pamlico Estuarine System consisting of 5138 nodes and 8950 elements.

though vertical density stratification and estuarine circulation (upstream at the bottom and
downstream at the surface) were often present (i.e., in the lower frequency response). Inthe
seiche band, water level and velocity are 90 deg out of phase indicative of a barotropic standing
wave, (Fig. 3). (ii) We have conducted periodic CTD casts near the mouth of the NRE
(downstream of the current meter mooring site) and in the southern part of Pamlico Sound for
severa years that rarely show significant density stratification. The large surface area and
shallow water depths that characterize this system allow the wind to be quite efficient at mixing

14
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Figure 8. Time series and global wavelet power spectrum plots of the model ed free mode oscillatory response of
the Albemarle-Pamlico Estuarine System to the sudden removal of a uniform wind blowing toward the
Northeast, North and Northwest. Along sound vel ocity was sampled in the approximate center of Pamlico
Sound.

the water column. Since these winds aso excite seiches, it seems likely that the water column
will usually be well mixed during significant seiche events. (iii) Data from the summer (the dry
season) and the winter (the wet season) indicate virtually identical seiche responses. It would be
reasonable to expect a different response during each season if baroclinic processes were

significant.

3.1 Resonant Characteristics

Initial testing concentrated on defining the resonant characteristics of the APES. The
model was forced from a state of rest with a steady 20 m s wind of constant direction for 10 h;
this was sufficient to bring the water level in the APES to an approximate steady state setup.
The wind was then discontinued and the mode! alowed to return to a state of rest. The resulting
response in the middle of Pamlico Sound indicates a strongly-damped but well-defined free

oscillation whose period is largely independent of wind direction, (Fig. 8). The global wavelet

15
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power spectra identify the response period to be very nearly 13.2 h, (Fig. 8), in close agreement
with the result from the analysis of the observed velocity data. These results assume model
parameter values of 0.0025 for the quadratic bottom friction coefficient and zero for the lateral
eddy viscosity. Reasonable variations in these parameters affected the strength and damping of
the oscillation but had insignificant effect on the frequency, suggesting that the oscillatory
response is predominantly linear. The oscillation could be set up with lighter winds, although its

strength was reduced accordingly.

It is reasonable to believe that this free mode oscillation is a half-wavelength seiche as
has been observed frequently in lakes (Hutchinson, 1967). The propagation of such a seichein
shallow water is governed by:

2L
= h
T g

where, L isthe basin length, T isthe oscillation period, g is the acceleration of gravity and h is
the water depth. The model and observations identify the oscillation period as 13.2 h. However,
due to the irregular geometry and bathymetry of the APES, appropriate values of the basin length
and the water depth are not immediately clear. Consequently, additional model runs were made
retaining the shape of the APES, but modifying the bathymetry to a constant depth throughouit.
Model runs with different, spatially constant water depths were conducted until, by trial and
error, afree mode oscillation period of 13.2 h was obtained. Asaresult, an average "seiche
depth" of the APES was found to be 3.5m. Substituting thisinto the seiche propagation equation
indicated an average "seiche length" of 139 km. Thislengthis close to the length of the long
axis of Pamlico Sound suggesting that the resonant characteristics of the system are primarily
determined by this waterbody. As further confirmation of this point, a model run was conducted

in which the grid was truncated near the northern end of Croatan and Roanoke Sounds, thereby

16
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eliminating Albemarle Sound from the computation. The resulting free mode oscillation period

was nearly identical to that obtained for the entire grid.

3.2 Response to Observed Winds

As afinal step toward understanding the source of the NRE semi-diurnal oscillation,
ADCIRC-2DDI was forced with observed winds and the model velocity output compared with
the NRE observations. Initially, model runs used spatially uniform winds from the Marine Corps
Air Station at Cherry Point, which is quite close to the location of the NRE moorings, (Fig. 1).
However, runs utilizing spatially uniform winds from the National Weather Service facility at
Cape Hatteras yielded a better comparison between the model and observational data; these
results are presented below. No attempt was made to develop a spatially varying wind field from

multiple meteorological sites.

Figures 9 and 10 summarize the wind forcing, observed response and model response
over 21 days during each of the winter and summer periods. Local wavelet power spectra of the
observed and modeled along channel velocities correspond well in both the timing and strength
of significant semi-diurnal seiching events. Timeseries plots of 30 hr high pass filtered along
channel velocities indicate typical seiche magnitudes of 10 cm s and occasional events of
20 cm s™, particularly during the winter. These plots further confirm the agreement between the

model and observed data.

The wind plots and local wavelet power spectra indicate that stronger seiches appear to
be excited by significant variability in the wind field. Specifically, during the winter period,
observed and modeled seiches accompany each transition of the wind from southward blowing
to northward blowing, (Fig. 9). Variability in the wind magnitude can also excite seiches as
indicated near winter period Day 38 (Fig. 9) and throughout much of the summer (Fig. 10). In

17
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Figure 9. Comparison between observed and modeled along channel velocity in the NRE for 21 days during the
winter observational period. Cape Hatteras winds are oriented so that awind blowing toward the North points
toward the top of the page. Thetime series data have been 30 hr high pass filtered to separate the semi-diurnal,
free mode seiche from the lower frequency forced mode response to the wind.

18
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Figure 10. Comparison between observed and modeled along channel velocity in the NRE for 21 days during
the summer observational period. Cape Hatteras winds are oriented so that a wind blowing toward the North
points toward the top of the page. The time series data have been 30 hr high pass filtered to separate the semi-
diurnal, free mode seiche from the lower frequency forced mode response to the wind.

19
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general we were surprised at the relative ease with which seiches could be initiated and their
persistence in this large, shalow, frictionally-dominated waterbody. While the contour intervals
used in the local wavelet power spectra emphasize stronger events, the timeseries plots suggest
that weaker semi-diurnal oscillations are almost aways present in the system. Since the
magnitude of these weaker oscillations is comparable in the model and the observations, we

believe that they represent seiches and not the astronomical tide.
4. Conclusions

While the North Carolina Outer Banks barrier idand chain effectively isolates the APES
from tidally driven exchange with the coastal ocean, over half of the aong channel velocity
variance in the NRE occurs in roughly the semi-diurnal frequency band (i.e., periods from 6 to
18 hrs). Along channel velocity in this frequency range is episodic, has a typical magnitude of
10 cm s™* and often reaches twice this speed. Coherence analyses of water level and along
channel velocity data indicate that motion in this frequency range behaves like a standing wave.
Least squares harmonic analysis demonstrates that the majority of this motion can not be
attributed to an astronomical tide. Given the absence of atidal current, this motion plays a
significant role in determining the position and strength of the salt wedge, the thickness of the
diffusive bottom boundary layer and the overall dispersion characteristics of the system.
Wavelet analysis using a Morlet wavelet function was highly effective for discriminating times
when this motion was strong and for identifying a predominant 13.2 hr period in the along

channel component of 10-week wintertime and 10-week summertime current meter records.

Model runs using idealized wind forcing to excite the vertically-integrated version of the
ADCIRC finite element circulation model with highly realistic geometry and bathymetry,
indicated that the APES has a natural mode oscillation period of 13.2 hrs. Oscillations

20
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developed independent of wind direction, although winds aligned with the long axis of the sound
excited the strongest response. Further model runs with constant bathymetry indicated the
system has a "seiche depth” of 3.5 m and, assuming a half basin seiche, a"seiche length" of 139
km. Thislength is close to that of the long axis of Pamlico Sound, although the depth is

approximately 25 percent less than the sound's 4.5 m average bathymetric depth.

Model runs using observed winds from Cape Hatteras reproduced measured along
channel velocities associated with the seiche during both the wintertime and summertime
observational periods. Seiches appeared to be excited by significant shiftsin either the
magnitude or direction of the wind field, although we were not able to identify arobust direct
relationship between changes in wind and the strength of a seiche. Rather, we found it necessary
to use the dynamic equations of motion and APES geometric and bathymetric properties, as
encompassed in the ADCIRC moddl, to relate wind velocity and seiching. The better agreement
between modeled and observed along channel velocities in the NRE using Cape Hatteras winds
(as opposed to Cherry Point winds) is consistent with the seiche being predominantly a Pamlico
Sound process. Since the long axis of Pamlico Sound is approximately aligned with the
prevailing wind direction (towards the NE in the summer and the SW in the winter), wind energy
is often available to excite these seiches. Indeed, despite the shallow, frictionally-dominated

character of the APES, seiches appear to be a nearly permanent feature of this system.

To date most physical oceanographic studies have assumed signal stationarity when
analyzing observed data for periodic signal content. However, for the analysis of episodic, yet
periodic processes such as internal waves or seiching, the requirement of a stationary signal is

clearly undesirable. Inthe present study, wavelet analysis was a very useful technique for

21
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discerning the time localized frequency content of both observed and model data of seiching in

the largest lagoonal estuarine system in the United States.
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