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ABSTRACT

Closcly spaced obscrvations of nonlinear internal waves (NLIWs) were made on the outer continental shelf
off New Jersey in June 2009. Nearly full water column mcasurcments of eurrent velocity were made with four
acoustic Doppler current profilers (ADCPs) that were moored about 5 km apart on the bottom along a line
approximately normal to the bathymetry between water depths of 67 and 92 m. Density profiles were obtained
from two vertical strings of temperature and conductivity sensors that were deployed ncar cach of the interior
ADCP moorings. In addition. a towed ScanFish provided profiles and fixed-level records of temperaturc and
salinity through several NL1W packets ncar the moorings. Scveral case studies were sclected to describe the
propagation of the NLIWs. One to three solitary waves of depression were observed in five selected packets.
There were also occurrences of mulliple-phase dispersive wave packets. The average propagation speed
corrected for adveetion of the observed waves was 0.51 *+ 0.09 m s~'. The waves were directed primarily
shoreward (~northwestward) along the mooring line with average wavelengths and periods of about
300 m and 10 min. respectively. Wave amplitudes and energics decreased with decreasing water depth. The
observed wave parameters can be locally described by a two-layer Korteweg-de Vries (KdV) model. except
Tor the decreasing amplitudes, which may be due to shear-induced dissipation and/or bottom drag. The
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Current and Density Observations of Packets of Nonlinear Internal Waves

various complementary observations utilized in this study present a unique description of NLIWs.

1. Introduction

Nonlinear internal wave (NLIW) packets are com-
monly observed on continental shelves throughout the
world. They are commonly thought to evolve from in-
ternal tides generated by the interaction of the baro-
tropic tide with shelf-edge topography (Tang ct al. 2007;
Colosi ct al. 2001) and to propagatc shoreward when the
interaction is with the shelfbreak. Characteristics of the
waves, which are often described as packets of solitons,
change as the water depth decreases. Their amplitudes
can be quite large, and the waves can significantly im-
pact acoustic, optical, and biogeochemical properties of
the water column. A varicty of tcchniques have been
uscd to observe NLIWs such as using moored temper-
aturc and conductivity sensors, current meters (Colosi
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ct al. 2001; Duda et al. 2004; Hallock and Field 2005;
MacKinnon and Gregg 2003), and high-frequency pres-
surc scnsors (Moum and Nash 2008). Shipboard mea-
surcments utilizing acoustic Doppler current profilers
(ADCPs), conductivity-temperature—depth (CTD) pro-
filers, and echo sounders have been used to make multi-
ple transects across wave packets (e.g., Shroyer et al. 2008).
NLIWs have becn particularly well documented through
satcllitc synthetic aperture radar (SAR) imagery (Jackson
and Apel 2004). NLIWs can havc a surface signaturc de-
tcctable by both ship and satcllite radars in low wind
conditions.

NLIWs were intensely studied as part of the Shallow
Water Acoustics Experiment in the summer of 2006
(SW06) (Tang et al. 2007). This large multidisciplinary,
multi-institution project off the coast of New Jersey fo-
cuscd on a hicrarchy of processcs, including internal tidcs,
jets, density fronts, and NLIWs, that could affcct U.S.
Navy acoustic systems. SW06 objectives are focused on
the structure, intensity, and direction of the internal wave
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energy flux at the shelf break. During SW06, 62 moor-
ings were deployed in a “*T” geometry, and S of these
moorings contained ADCPs, which provided nearly full
water column velocity profiles. Three of these ADCP
moorings were placed about 20 km apart along the likely
propagation direction of the NLIWs while three were
10-15 km apart along a linc perpendicular to the prop-
agation dircction. In addition, multiple ships werc uscd
to chasc the packets, and gliders provided background
observations. Shipboard observations included ADCP,
X-band radar, temperature, salinity, and turbulence mea-
surements.

Analyses of satellite imagery suggest that the width
of a typical NLIW packct can range from scvcral to
more than 5 km (Porter and Thompson 1999). Thus far,
this resolution has only been approached using a ship
in chase mode collecting ADCP and CTD data. Moored
instruments spaced at about S km or less would allow
coherent measurements of waveforms and direct deter-
mination of phase and group velocities. Individual wave
packets could be analyzed in detail for modal content
and propagation charactcristics. As part of the Naval
Rcscarch Laboratory’s (NRLs) ficld excrcisc near the
shelf break off New Jersey, four ADCP moorings were
spaced about 5 km apart along a line approximately

Distance (km)

normal to the bathymetry (Fig. 1). The ficld measure-
ment were performed as part of NRL Magnetic Ocean
Forecasts project, whose main objective was to generate
estimates of the ocean contribution to the magnetic noise
from sources such as NLIWs, This topic is not addressed
here. However, the field measurements provide the op-
portunity to analyze closely spaced mooring data and to
fill in gaps of our understanding of NLIW dynamics not
possible from carlicr ficld studies. This paper focuses on
analyses of several packets of large NLIWSs that propa-
gated through our mooring array.

In section 2, we describe the experiment and the ob-
servations made. In scction 3, analyses of selected events
in the data rccords and determination of wave charac-
teristics arc presented. Scction 4 results arc interpreted
using first-order Korteweg—de Vries (KdV) theory for
a two-laycr systcm. Some conclusions are presented in
section S.

2. Observations

An extensive set of oceanographic measurements was
made by the Naval Research Laboratory between 18 June
and 1 July 2009 (corrcsponding to yeardays 168 and 181)
during an R/V Oceanus cruisc. The study area was
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centered at about 39.5°N and 72.7°W. about 75 miles cast
of New Jersey (Fig. 1a). The instrumentation eonsisted
of four ADCP moorings; two string moorings with tem-
perature and conductivity; and a towed undulating body,
SeanFish. Eight magnetometers were also deployed on
the bottom next to the ADCP moorings but arc not dis-
cussed in this paper. After all of the moorings were de-
ployed, ship obscrvations were made along a line parallel
to the mooring line, offset about 2 km toward the
northeast (Fig. 1b). The mooring line was avoided in or-
der to not disturb the magnetic measurements.

a. ADCP moorings

Four ADCP moorings were deployed on the outer
continental shelf off New Jersey and southwest of the
Hudson Canyon at water depths ranging between 64 and
92 m (Fig. 1). The bottom profile along the mooring line
is shown in Fig. le. Mooring Al is loeated at a fairly flat
portion of the bottom, A2 is located at the edge of the
flat portion where the bottom profile begins to rapidly
deepen, and A3 and A4 are located on the sloping por-
tion of the profile. The moorings were deployed for
about 9 days from 19 Junc 2009 (ycarday 169) along a
line oriented at 310° relative to true north and were
approximately 5 km apart. The mooring line is approxi-
mately normal to the bathymetry. Numerous SAR images
collected in this region during August and September
2006 in conjunction with SW06 suggest that NLIW
crests arc likely parallel to the isobaths along our moor-
ing linc.

The ADCPs were 307.2-kHz broadband “Workhorse
Sentinels” manufactured by RD Instruments. They
werc deployed in trawl resistant mounts called *“Barnys”
after their barnacle-like shape (Perkins et al. 2000) that
were lowered rather than frec dropped to the bottom.
They were then positioned so that the tilt of the trans-
duecr head from the vertical (ideal) orientation was
minimized. The moorings were placed at depths ranging
from about 67 to 92 m, with the scaward end of the
mooring line near the shelf break of about 100 m. The
ADCP heads were situated about 0.5 m off the bottom
and recorded current profiles from about 4 m off the
bottom to within about 4 m of the surface. Vcelocity
measurcments were recorded at a vertical resolution of
1 m every minute using a sampling scheme that used 70
pings distributed over the sampling period. The aceu-
racy is 0.5% = 0.5cm's "and the random error, which is
dependent on the depth-bin size, is reported as a stan-
dard deviation of 1.6 em s~'. Velocities were corrected
for loeal magnetic variation. Each mooring also con-
tained sensors for measuring temperature and pressure.
The ADCP vclocities are rotated (39.5° clockwise) for
the analyses here so that the east-west (U) veloceities are
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oricnted along the mooring line, where negative U is
onshore and positive U 1s offshore.

b. String moorings

Two temperature—conductivity sensor strings (S1 and
S2) were anchored on the bottom beneath a surface
buoy approximately 300 m from the two interior ADCP
moorings (A2 and A3; Fig. 1). Each string contained
10 Sca-Bird Elcetronies (SBE) 37 serial interface
MicroCATs, high-accuracy conductivity, and tempera-
ture sensors. About half of the MicroCATs on each
string contained pressure sensors. They were distributed
in a telescoping scheme, starting with a spacing of 3 m at
about 8 m below the surface and ranging to a spacing of
10 m at about 10 m above the bottom. Temperature is
accurate to about 0.002°C, and conductivity is aceurate
to about 0.003 mS em 1.

¢. ScanFish

Repceated tows of a ScanFish MK Il manufactured by
EIVA (http://www.civa.dk) were made along a line par-
allel to the mooring line (Fig. 1) throughout the cruise
period, shifted by 2 km northeast of the mooring linc to
minimize interference with the deployed magnetome-
ters. The ScanFish is a towed undulating vehicle that
can fly in undulating, fixed depth, and terrain following
modes. It records numerous physical and optical pa-
rameters, but just the temperature, conductivity, and
pressure data arc used in analyses here. The SeanFish
was typically towed at 5.5 kt throughout the cruise. Both
level and undulating modes were used to sample NLIW
packets.

d. Hydrography

CTD stations were taken at mooring sites A1-A3 on
20 June (yearday 170) and ncar mooring sites Al-A4
along the SeanFish line, approximately 2 km northeast
of the moorings, on 25 Junce (yearday 175). Each CTD
station consisted of three consecutive downeasts, made
to just above the bottom. On 20 June, the mixed layer
was shallow, 5-10 m in depth, and the seasonal ther-
mocline ranged from about 10 to 25 m in depth. Well-
mixcd bottom layers that were about S m thick were
obscrved at Al and A2. At A3, a well-mixed layer about
15 m thick was located just above a near-bottom density
gradient where density o, changed by 0.3 kg m™ ¥ over
the bottom § m. Brunt-Viisili frequencies ranged from
26 to 31 eph in the seasonal thermoeline and from 16 to
19 cph near the bottom. By 25 June, the mixed layer had
eroded and the scasonal thermocline weakened and
deepened. Well-mixed bottom layers disappeared at A4,
A3.and A2. However, the bottom layer at A1 thickened
to about 15 m and was less dense by about 0.2 kg m
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F1G. 2. Average profiles of o, based on CTD casts conducted at (or near) ADCP sites al deployment lime. ‘the
panel A4’ is so labeled because il was localed about 2 km northeast of A4. Horizontal dotted lines indicate the depth
of maximum variance of vertical velocity from ADCP records and hence the mean depth of the upper layer in a
2-layer system. Vertical lines indicale vertical layer averages of density. The red and green curves are 2.4-h case 111
and 1V average profiles, respectively, of o, from string moorings: diamonds indicate instrument locations.

from the profiles taken S days carlicr. Similarly, the
density decreased near the bottom at the other moor-
ings. Brunt-Viiisili frequencies were much lower, and
there were no well-defined peaks for the profilcs taken
on 25 June. In all cases, variability was highest over the
three consecutive casts in the scasonal thermocline and
is indicative of internal wavc activity. Results of the
analyses below are compared to a two-layer dynamical
system. We determine suitable two-layer parameters
using density profiles from the deseribed CTD casts.
Upper-layer depth A is taken as the depth of maximum
time variance of vertical velocity (W) at each ADCP
site; h; 1s then the difference between the water depth
H and h;. At Al, A2, A3, and (ncar) A4, thrce sucecs-
sive CTD casts were condueted yiclding an average
density profile (Fig. 2) at cach site. Layer densitics are
taken as the respective vertical averages of density
within the layers; these averages are indicated in Fig. 2.
Superimposed on the profiles at A2 and A3 are mean
profiles from the moored CTD strings (S1,S2) for2.4-h
periods on 21 and 26 June (cases III and IV;sec Table
1). The latter of these (case 1V) further shows the
temporal change in stratification over the coursc of the
experiment.

3. Analysis

During the 2-week cruise. six cases of strong NLIWs
were identified. Three were identified at the beginning
of the cruisc, and thrce werc identified near the end of
the cruise. The middlc of the cruise period was at the
peak of the spring tide and no strong NLIW activity was
observced: the length of the experiment, however, is too
short to make an inference on this issue. The six case
studies are summarized in Table 1 according to the
type of measurement made. The string moorings were
not in placc for cases I and II, and all moorings had

TABLE 1. Periods of energetic NLIW activity were measured by
ADCP moorings Al-Ad4. temperature—conductivity string moor-
ings SI and S2, and level ScanFish tows. The day indicates decimal
day. The number of events observed at each location is shown.

Casc/day Al A2 A3 Ad S182 Level tow
1/170.3 2 2 2

11/170.7 3 3 3 3

tit/171.3 2 2 2 2 2

1V/177.0 2 2 2 2 2
VINT7.9 | 1 1 L

VI/180.5 Multiple
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F1G. 3. Vertical velocity Wa1 23 m a1t ADCP 2. Vertical dolted hines
indicale 1he S cases for the ADCP soliton evenls.

been recovered by the time cases V and VI were ob-
served. Packets were not evident at A4 during cases |
and V.

Vertical velocity from ADCP 2 at the depth of max-
imum variancc is plotted in Fig. 3, whcre a number of
large-amplitude cvents are evident in the record. A few
of these were selected for analysis based on three cri-
teria: relatively large amplitude; resemblance to simple
internal solitary waves; and appearance in at least three
of the ADCP records, thus allowing tracking and prop-
agation speed detcrminations. The mooring linc was
choscn to be parallcl to expectcd NLIW propagation
direction. Clearly, this direction can vary for different
waves or packets of waves passing a given point. If we
take the x along the mooring line and § as the departure
of wave direction from the x axis, then (for plane wave
fronts) the apparent phase speed (along x) C' = C/cosb,
where C is the actual phase speed. This means that the
observed speeds will be greater than or equal to the
actual specd. For 6 up to about 25° the ratio C/C’ is
greater than 0.9, so small directional unccrtainties will
not result in large errors in estimates of C. Five cases
(I-V; see Table 1), cach consisting of 1-3 closely spaced
solitary wave events, are indicated in Fig. 3. A total of
10 solitons were tracked through most of the moorings,
resulting in 36 observations at the four ADCP locations
and 4 obscrvations at S1 and S2. Case I and IV solitons
were not seen at Ad. The case TV solitons (2) were also
obscrved twice with the ScanFish. The prominent event
ncar yearday 172.5 is predominantly a packet of large-
amplitude internal waves rather than well-defined soli-
tary waves. Case VI consisted of two ScanFish tows, near
the A2 location, conducted after recovery of all moor-
ings. We analyze the observations in the light of a two-
layer, first-order KdV modcl (Small 2001; Holloway
1987; Gear and Grimshaw 1983).
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FiG. 4. Schematic of KdV solilon of depréssion (red) and associated
vertical velocily (black).

a. Phase speeds

A number of factors determine apparent propagation
spceds, along a particular dircction, of NLIWs (Small
2001; Gear and Grimshaw 1983; Phillips 1969). These
include stratification, water depth, wave amplitude, ac-
tual propagation direction, and advection (Doppler shift)
and shear by the ambient flow in which the waves are
embedded.

Phasc spccds of a number of sclected NLIWs ob-
served in the ADCP velocities are estimated using the
times that a particular event passes cach ADCP and the
distance between the moorings. Because the internal
waves are superimposed on the ambient, depth-averaged
low-frequency flow, mostly the barotropic tide, a Doppler
correction is made so that calculated speeds are relative
to this ambicnt flow. The cvents analyzed were selccted
by cxamining rccords of vertical velocity W that were
robust and appcared in at least two data records. The
characteristic shape of a first-order KdV soliton of de-
pression (Holloway 1987; Gear and Grimshaw 1983) is
described by '

L

_df _C L (x-Ct x = Ct
W_E_TSCCh< 2 )lanh( T ) (1)

{(x.0) =ascch2(x - C’) and

where { is elevation (interface displacement for a two-
layer system). a < 0 for a soliton of dcpression, L is
a length scale, and C is propagation spced. For first-
vertical-mode waves, the horizontal velocity is propor-
tional to ¢ and changes sign ncar the depth of maximum
W. Hence, U can also be described by the sech? function.
For Eulerian measurements, we can set.x = 0 and define
a time scale 7 = L/C and reference time #, to simplify the
following. Thesc functions are plotted in Fig. 4 with 1y =
50 min and 7 = 10 min. The period of the soliton can be
defined as 3.67, the point at which the magnitude of ¢
falls to 10% of the maximum (Holloway 1987); likewise,
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F1G. 5. Vertical velocily from ADCP Al (case 11). The abscissa is
in minutes for easy comparison with the analytical plot in Fig. 4.
Diamonds on the curve denote actual data samples (1-min inlerval).

a wavclength is defined as A = 3.6L. It should be noted
that the amplitude of W is proportional to a/r. When
a soliton of depression arrives at a moored measuring
system, W first goes negative to a minimum value, then
crosses zero to a maximum, and subsequently decays
back to zero. We define the time of arrival of a soliton
event at a mooring as f, where W erosses zero from the
minimum to the maximum. An examplc of such an event
in a moored current record is shown in Fig. 5. Time in
relative minutes is shown to more casily compare with
Fig. 4. The actual value of ¢, is vearday 170.85.

The event in Fig. 5 was detected earlier in the other
three ADCP records, from locations southeastward
from Al. There were also two additional events fol-
lowing the one shown that appeared in all four records.
The northwestward progression of these events is shown
in Fig. 6: a somewhat longer time interval for all four
records are plotted to include the three events (labeled
a—c). The times of the events and distances between the
moorings (~5 km) vield apparent propagation speeds
between respeetive mooring loecations. The three events
moving from A4 to A3, from A3 to A2. and from A2 to
Al yicld ninc cstimates of propagation speed. These
range from =0.74 to —0.44 ms '. The calculated speeds
are interpreted as soliton phase speed C superimposed
on the ambient flow (due primarily to the barotropic
tide). The ambient flow is estimated by low-pass-filtered,
depth-averaged currents (LF currents) from the ADCP
reecords. The half-amplitude point of the filter is set at a
period of 2 h. For illustration, a further average of ro-
tated LF current, over the four ADCP records, is plotted
in Fig. 7. Fluctuations are due mainly to the M2 tide, but
there is also a southeastward mean as well. Actual cor-
rections for speed calculations were made as follows, for
example: An event passes from A3 to A2 in a time in-
terval Af over the distanee Ax (~5 km). We calculate an
average LF current Us,, where the double overbar in-
dicates averaging the LF flow over A2 and A3 and over
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At. Then, we have Ax = (C + UH)A!. Solving for C vields
a corrected phase speed. For the events in Fig. 6, C
ranges from —0.65 to —0.48 ms ' Here, C is an estimate
of the intrinsic internal wave phase speed. We note that
thts eorrcetion does not address mean vertical shear,
which can also affects the phase speeds and other wave
properties (Alford ct al. 2010).

In all, five cases (of which the above is case IT) cap-
turcd by the ADCP moorings, some with subcascs (a, b.
etc.), were selected for a total of 10 solitons passing
at least three of the moorings. Each of the 36 cvents
observed resemble Fig. 5 and are hence solitons of de-
pression. Mecans and standard deviations (for cach lo-
cation) of both advection-corrected and uncorreeted C
cstimates are plotted in Fig. 8. The uncorrected speeds
show an increase in (negative) amplitude with increas-
ing depth; the variability suggests that this may not be
a significant change. The corrected speeds, however,
show less change and do not follow the depth profile. We
conclude that the changes are not significant and that
the composite mean of —0.51 = 0.09 m s~ ' is a best es-
timate of the phase speed along the mooring line, based
on the sclected events from the ADCP observalions.
Furthermore, this mean value is not significantly differ-
ent from the mean for the uncorrected speeds (—0.54 *
0.11 m s™"). Horizontal current velocities associated
with the wave events were nearly all well below our
average phase speed of 0.51 m s ', Exceptions included
scveral isolated points for case 1V, which may be the
result of noisy data and near the surface for casc V; the
latter may indicate periods of convective instability.

Two ScanFish tows were made in the constant depth
mode at about 30 m just east of mooring A2 (Fig. 1b),
concurrent with the events of case 1V. A NLIW packet
was first crossed during a shoreward-directed tow that
was immediately followed by a scaward-directed tow.
Shown in Fig, 9is o, from tows 25 and 26 as a function of
along-track distance. The features marked a and b cor-
respond to ecase 1V cvents in the ADCP records. The
location of mooring A2 is indicated by the vertical dot-
ted line. The peaks at a and b are well defined by density,
and their shapes were very consistent between the tows.
Note that the a and b negative peaks are about 500 m
apart and arc slightly closcr together for the scaward
tow, which is consistent with wave movement to the left.
Internal wave activity is apparent after the NLIW packets
pass but does not appear correlated between the tows.
Density data from the string mooring (S1; not shown)
show that density contrast would have been greater if
the level tow had been made between 10- and 20-m
depths. Distances and corresponding times for the se-
leeted features in Fig. 9 are listed in Table 2. The advee-
tive correetion here is —0.15 m s "', The data in Table 2
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yield propagation velocities of —0.41 and —0.43ms ' for
a and b, respectively. Correeting for the LF advection,
C becomes —0.26 and —0.28 m s~ ', These valucs are
consistent with ADCP-based speeds for case [V but are
lower than the averages in Fig. 8.

After all moorings were recovered, two ScanFish tows
were made near the A2 location. Figure 10 shows o,
from tows 42 and 43 as a function of along-track dis-
tance; we denote this as case VI, which is possibly the
result of a solitary wave breaking into a train of dis-
persive waves. The peak-connecting lines are a best
guess at corresponding features in the wave packet, from
tow 42 to 43. As in Fig. 9, the features are morc com-
pressed for the scaward tow, consistent with shoreward
wave movement. Furthermore, the wave packet has

significantly evolved between tows 42 and 43; on the
other hand, it may have interacted with another wave.
Distances and times (from similar plots versus time) for
the 14 features yield 14 estimates of C. Note that the
time intervals between feature positions in tows 42 and
43 incrcasc shoreward (with deercasing distance) be-
causc of the respective tow directions. The C cestimates
show an increasc with increasing distance, but this may
be biascd by the aforementioned changing interval.
The mean of the 14 estimates, corrected for advection,
is C = =0.54 £ 0.07 ms™", close to the ADCP-derived
average spced of 0.51 m s~ '. MacKinnon and Gregg
(2003) find wave speeds about the same as we find (about
—-0.5 m s ') from obscrvations made in 1996 ncar our
experimental arca. However, Shroyer ct al. (2008). based
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FI1G. 7. Overall depth- and horizontally averaged low-frequeney,
rotated current.

on measurements made in 2006 in the same general area,
report phase speeds for NLIWs closer to 0.7 ms™!

b. Wave properties

We now examine case 111 in some detail, where a pair
of solitary waves is sccn moving past the four ADCP
moorings. Horizontal velocity U (rotated so that posi-
tive U is scaward along the mooring line) and vertical
velocity W for ADCPs Al-Ad are shown in Fig. 11; note
that the maximum depths shown in these plots are less
than the actual water depths of 67, 65, 76. and 91 m for
Al-Ad4, respectively. The time intervals of the plot
pancls arc 0.07 day (about 100 min) for the respective
periods containing two propagating solitons. The ob-
scrved propagation speed of cvent a is slightly greater
than that of event b. Note that U changes sign near 20-m
depth, near the maximum in the magnitude of W. The
ncgative (positive) U above (below) the zero level is
consistent with propagation in the negative x direction
or shoreward along the mooring line for a first-mode
wave. Amplitudes of the waves decrease at A2 and Al
rclative to A3 and A4, and smaller wavelike fcaturcs
appear between a and b, suggesting possible breaking
or fissioning of the solitons (Djordevic and Redekopp
1978). Temperature, salinity, and density for case 111 at
A2 and A3 are shown in Fig. 12 (as stated above, max-
imum depths shown are less than actual water depth),
where vertical displacements of 10-20 m are cvident,
particularly for temperaturc and density. The event
times from thec ADCP records are indicated in Fig. 12 by
vertical dashed lines. The time lags at the string moor-
ings reflect the slightly different positions (~200 m) of
the moorings. The appearance of two additional small
waves at S1 (A2) is consistent with what is scen in Fig. 11.

At the depths of maximum variance in W, short
(20 min) segments of data centered on the points where
W crosses 0 (negative to positive: c.g., at fyin Fig. 6) were
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fitted by least squares to the functional form for W in
Eq. (1) to determine the parametcers @ and 7 (=L/C).
Recall [from Eq. (1)] that, for Eulerian data,

2a t — ¢ =1
W=—-—— scch2<—") lanh(—").
T T o2

.... e TS

26.5f 3

b Tow 25 Shoreward

T 26.0F
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FIG. 9. ScanFish level 1ows (top) 25 and (bottom) 26. The location
of ADCP A2 is indicaled by a vertieal dotied line.
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TABLE 2. Times and distances for casc 1V cvents in ScanFish
tows 25 and 26.

Tow 25 (a) Tow 26 (a) Tow 25 (b) Tow 26 (b)

176.9945  177.0294  176.9966  177.0312
13.93 12.70 14.44 1315

Time (days)
Distance (km)

If a,, 1s the peak amplitude of the fitted W, then

a,.T {—1 { — 1
a= -3 max[seehz( 0) lanh< 0)]
2 T T

[
W
2x0.3849

()

However, the time scale resulting from the fitting algo-
rithm is biased by the advection (as in the determina-
tions of C) and henee needs to be correeted before (3)
can be used. That is. if the LF current is in the direction
of propagation, the observed time scale 7’ will be shorter
than the intrinsie = and viee versa. We can then write

Cr=L=(C+ U or

T= (l + l—é)'r’. 4)

In Fig. 13. we show the 20-min segments of W for the two
cvents ol case 111 at the four ADCP locations. On each
subpancl is listed a,... the eorrelation of the fit of (2) to
the data and 7'. The amplitudes elearly decrease going
from A4 to Al. The lcast squares fitting proecdure was
performed on data for the five eases yiclding a total of
36 determinations of a,. and 7'. Correlations for all 36
events are >0.81 and most are >0.90. Advection cor-
rections (4) were made by using the average value of
C = 051 ms 'and the displacement amplitude a cal-
culaled using (3). Caleulated 7 and « are relatively in-
sensitive Lo the variability of C about the average used.
On the other hand, L depends direetly on C, so the
variability of L. depends on that of both C and 7. Over-
all average soliton period (7" = 3.67) is ~10 min, and
wavelength (for this C; A = 3.6L) is ~300 m (as in
Holloway 1987). Mecans and standard deviations of
a and a,, at cach location are shown in Fig. 14, and the
means arc listed in Table 3; as indieated in Table 1, there
are 10 samples cach for A1-A3 but only 6 for Ad. Al-
though the variability at each loeation is high, a deercase
in amplitude of both vcrtical displacement and veloeity
with deereasing water depth is suggested. This change
with depth eannot be directly explained with the simple
model presented here; below, we examine bottom {ric-
tion and the potential for shear instability in the pye-
noeline to explain the amplitude deercase. Furthermore,
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F1G. 10. ScanFish level tows (top) 42 and (bottom) 43. The lo-

cation of ADCP A2 is indicated by a vertical dotied line, Corre-
sponding NLIW peaks are connected by solid lines.

these displacement amplitude magnitudes |a| are at or
above a maximum a,,,, (means also listed in Table 3)
for KdV (and extended or second-order KdV) waves
(Helfrich and Melville 2006: Small 2001).

Horizontal velocity U suggests a two-layer strueture
(Fig. 11), where { is the height of the interface between
the layers, of thickness iy and hy. Here, { can be esti-
mated by integrating vertical velocity: that is, { =
JW(=hy, 1) dt. For case 111, { excursions at A2 and A3
are comparable to the pycnocline depressions in the
bottom panels of Fig. 12. To simplify comparison to
KdV theory, we eompute laycr-averaged veloeities U,
(upper layer) and U, (lower layer). Beeause the zero-
crossing depth varies among the events, the depth
interval between 15 and 30 m is exeluded in the calcu-
lation. Correlations between U, and ¢ for all 36 seleeted
events are strongly negative, consistent with shoreward
propagation. The resulting series are fit to sech?[(1 — 1,)/7]
to determine amplitude for each event period. Average
amplitudes for U, and U, at cach loeation are plotted
in Fig. l4e. The Uy layer averages are quite noisy in the
latter part of the record, and correlation values for the
least squares fit are correspondingly low. Hence, only
correlations above (0.8 are used in the averages shown
in Fig. 14c. This value represents the lowest correlation
found for the W fits, and the U, eorrelations all exceed
this value. This problem is most notiecable for A4, where
only four events have aeeeptable correlations. The num-
bers of events ineluded in the averages are indieated in
the figure. The signs of the averages shown are consistent
with shoreward movement.

c. Energetics

Itis uscful to calculate cnergies associated with the ob-
served NLIW events. We assume That the wave available
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FIG. 11. Rotated, (left) high-pass-filtered horizontal velocity U and (right) vertical velocity W for case 111 from (top to
bottom) the four ADCP records. The features marked a and b can be tracked through all four moorings.

potential energy (APE) and kinetic energy (KE) are
approximatcly cqual; hence, the total encrgy per unit
distance along the crest (perpendicular to propagation
dircction) of internal waves can be taken as ~2 X APE.

It is likely, however, that the Kinetic energy is greater
than the available potential energy for large-amplitude
solitons. The ratio KE/APE may be closer to 1.5 (Moum
ct al. 2007; Klymak and Moum 2003; Klymak ct al. 2006),
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times in ADCP records (sce Fig. 11).

so the equipartition assumption may underestimate the
total energy. That said. the total energy can be expressed
(in a two-layer system) as E_ 2 2APE = ﬁ:Apg{z(x) dx
(Phillips 1969). where Ap = py — p) is the layer density
difference (Table 3) and x represents distance relative
to the moving waveform. The units of E; are Jm ' The
limits x; and x> are chosen to include the features of
interest: x| is selected to be 7 min (equivalent distance
of 210 m for a phase speed of 0.5 m s™') prior to the 0
crossing for W (see Fig. 5), and x, is sclected at 7 min
prior to the 0 crossing for W in the following cvent, to
include possible smaller waves resulting from breakup
or fission of the first wave (sce section 3b). This

approach limits the calculation of energy to cases having
at least two events (e.g.. 1Ila-1IIb yiclds one result for
cach of the four ADCP locations). In all, there are five
encrgics cach for AI-A3 and three at A4, There is
considerable scatter in the results, but averages for cach
location arc shown in Table 3. Note that the mean en-
crgies for A1 and A2 are lower than those for A3 and
A4, suggesting a transition between A2 and A3. Overall
means and standard deviations for these location pairs are
Ep=013+009MIm 'and Ey, =031 =011 MJIm
the difference is significant. The NLIW cnergies esti-
mated here are larger but of the same order as most of
thosc reported by Shroyer et al. (2010) for observations
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F1G. 13. The unfitted W (black) and fitted (green; see text) at depth of maximum varianee for the two events [(top) a and (bottom) b] for
case HI and (from lefl to right) Al 10 A4, Fitted amplitude a,,. correlation with observed data, and observed time scale 7 are listed in

each panel.

made in 2006 just to the south of our experimental arca.
The change in cnergy might be duc to frictional cffects.
To cstimate dissipation between these two arcas, we first
calculate encrgy flux averaged over the feature of in-
terest, I = CE /(x> — x;) (Moum et al. 2007). We divide
by v» — x; to give a horizontal mean versus integrated
encrgy: F then has units of W m™". The fluxcs thus cal-
culated for cach cvent arc then averaged as above to
yield F» = 634 Wm 'and Fay = 2742 W m . The
dissipation rate is cstimated as D = (F,, — F,,)/pAxh =
2.75 X 10 7 W kg ', where Ax = 10 km (distance be-
tween a point midway between Al and A2 and a point
midway between A3 and A4),p = 1025kgm™ ', and /i =
75 m (the average depth for the moorings; see Fig. 1c
for rcference). This valuc of D is two orders of magni-
tudc larger than that found by Hallock and Ficld (2005)
from data in a ncarby arca, but their value was based on
a long-tcrm mcan flux and averaged over a larger hori-
zontal arca; they stated that dissipation rates averaged
over individual NLIW events would likely be much
greater. MacKinnon and Gregg (2003) found different
dissipation values (about 3 X 10 * W kg™ '); they also
uscd diffcrent spatial limits for averaging. Shroyer ct al.
(2010) report dissipative loss values of S0-100 W m ' for
NLIWs, comparable to our 5y — Fi; = ~200 W m k

(they calculated dissipative loss as density times the
dissipation ratc intcgrated vertically over the depth of
the pycnocline and horizontally over the wave). The
dissipation may be the result of @ combination of both
shear instability in the pycnocline and bottom frictional
drag on the horizontal velocity associated with the wavces
(Shroycr ct al. 2010; Moum et al. 2007; Klymak and
Moum 2003; Dewcey and Crawford 1988),

Richardson number Ri calculations bascd on the den-
sity profilcs from the string moorings (S1, S2) and vclocity
shear from ADCPs A2 and A3 show some tendency for
instability (Ri < 0.25) mainly shallower than 25 m but
more at A2 than at A3. A quite crude estimate of dissi-
pation can be made from Ri-bascd mixing formulations
(c.g., Large ct al. 1994; Zaron and Moum 2009). The
K-profile paramctcrization (KPP) formulation of Large
ct al. (1994) cxpresses the eddy diffusivity. K, = K[l —
(Ri/Rip)’]’ for Ri = 0.7 and K,, = 0 for Ri > 0.7, where
Rip = 0.7 and Ky = § X 107* m? . We noted that
diffusivity is high at S1 compared to S2, suggesting that
more mixing activities are likely at S1 than that at S2. An
cstimatc of dissipation ratc can bc obtaincd. becausc
K, = 0.26/N* (Osborn 1980). Dissipation rate is then & ~
5K,N°, which is on thc order of 10°°* W kg ', but dis-
sipation is smaller for deeper depths, where Ri > | (for
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Fii:. 14. Mean (=1 standard deviation) amplitudes at cach ADCP location (diamonds con-
nected by dotted lines). (a) Displacement amplitude a. (b) Fitted vertieal velocity amplitude a,,.
The bathymetric profile along the mooring line is also shown (with right ordinate axis).
(¢) Upper- and lower-fayer horizontal velocity amplitudes ag;; and aya; numbers in parentheses
for U, indicate how many events arc included in the respective statisties (sec text). Triangles
denote derived amplitudes by and by from the two-layer model (Table 3).

most of the water column). and depth-averaged dissi-
pation ts more likely onc order of magnitude smaller
than at the shallower depth bins. A water column average
dissipation is then (assuming about S-m-thick pyenocline)
Dypeac = SEMS ~7 X 107" Wkg ™.

Bottom disstpation rates were computed by assuming
that the “‘wall layer™ or the constant stress layer exists
between the sca bed and the ncarest ADCP bin (sce,
c.g.. Johnson ct al. 1994; Wijesckera ct al. 2010). This
is a very rough estimalce, because this boundary layer

thickness might be smaller than the assumed height
(i.c., to the height of the first bin of ADCP, about 4 m).
The friction velocity was estimated for a hydrodynami-
cally smooth bottom (e.g.. for mud flats) with a bottom
roughness length scale of about z, = 0.01 mm (e.g.,
Sutton 1953). These disstpation estimates can be treated
as lower bounds, becausce 2 can be higher than 0.01 mm.
Calculated total dissipations cxhibit strong time variabil-
ity, ranging from 0.1 X 10 *Wkg 'to1.2x 10 *Wkg '
at ~12-h (and shortcr) periods, roughly corresponding
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TABLE 3. Two-layer paramelers. The 1op 10 rows arc based on
observations. Rows 11-17 are derived using the firsi-order KdV
model [Egs. (5)-(8)].

Al A2 A3 A4
H (m) 67 65 76 91
By (m) 2 23 27 30
h> (m) 45 42 40 61
Ap (kgm ™) 1.38 1.30 125 1.01
aw (ms™) 0,05 0.06 0.07 -0.09
a (m) 10.4 12.1 14.8 -16.2
Uran (M) 11.4 94 10.8 1587
agy (ms™h 0.15 0.21 -0.23 -0.23
agr(ms™ Y 0.12 0.14 0.15 0.19
E:MIm™h 0.16 0.10 0.29 0.33
Co(ms™h) 0.44 0.43 0.46 0.44
C(ms Y —-0.49 —0.48 —-0.51 -0.50
A (m) 266 265 305 339
7 (min) 8.97 9.23 9.97 11.28
by (ms 1 -0.21 -0.22 -0.25 -0.24
b= (ms ) 0.10 0.12 0.14 0.12
EMIm ") 0.14 0.18 0.30 0.33

to semidiurnal and internal wave periods. A similar cal-
culation based on LF series (tidal and longer periods)
vields a dissipation of about 30% of the total. As for the
thermocline dissipation, we find an average value on the
order of 107° W kg™, Again, this value is for the ~4-m
assumed bottom boundary layer, so it would be about
10% of this value if averaged over the entire water col-
umn. This viclds about the same value for Dipguwom as
found above for Dg,,r. The sum of Dygyom and Dgpear 18
then about 107 W kg™ ', which is lower than but on the
same order as the wave dissipation D computed above.

4. Discussion

Additional two-layer KdV parameters for a system
with layer thicknesses /iy and hi; and densities pp and ps,
respectively, separated by an interface { described by
Eq. (1) are (Small 2001; Holloway 1987; Gear and
Grimshaw 1983),

> &'hh, ,  Ap
0= ol e 5}
L h+ h, & gp2 (5)
ah, — h
T U] 5 ¢
C 0(1 Z—h,hz ) and (6)
i 4 hih3 o

3(hy — hya’
where a is negative for solitons of depression with i <
ha. Upper- and lower-layer horizontal velocities are

= Cyé Cod
hy h, :

U, and U, = - (8)
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with amplitudes byy = Cpalh) and by, = —Cyalh,,
respeetively.

Based on the layer parameters (top four rows of Ta-
ble 3) and the fitted values of a,. (row 5), the quantities
expressed in Egs. (5)-(8) were caleulated and are listed
in Table 3 (rows 11-17). Note that that magnitude of Cis
about 10% greater than that of C, for the four locations.
reflecting the nonlinear contribution (6) to C. Also, the
values of Cin Table 3 are essentially the same as the mean
value (0.51 m s ') found in section 3a, for the observa-
tions, and do not change significantly for the four loca-
tions. The amplitudes by;, and by); arc plotted in Fig. 14¢
(triangles) for comparison with observational values:
these show quite good agreement and, except for Us at
A4, fall within the observed variability. There is gener-
ally a slight increasc in horizontal velocity amplitude
with inercasing water depth. as was found for the ob-
served values, but this may not be significant. These cal-
culations [(5)—(8)] are dependent on stratification, and
the CTD station associated with A4 was displaced about
2 km northeast and conducted S days later. There was
some cvidence of a front in the region, which may add
uncertainty to the results.

The energy per unit erest length of a two-layer soliton

is given by (Holloway 1987: Osborne and Burch 1980)

4

E= ,‘Apgazl,. 9)

Calculated values of E appear in Table 3 for the four
locations, The £ values are comparable to those calcu-
lated directly from the data E; and show a similar de-
ercase as the solitons move into shallower water.

5. Conclusions

Six cases of strong NLIWs werc identified on the outer
continental shelf off New Jersey over a cruise period
of about 10 days. The phase speeds were affected by
the background currents, which were primarily tidally
driven. Water depth and stratification also affected
the overall characteristics of the waves. Advection-
corrected phase speeds averaged 0.51 = 0.09 ms™ ' along
the mooring line. Uncorreeted phase speeds differed
from corrceted phase speeds by 10%-20%. Average
wavelength was about 300 m, and average wave period
was about 10 min. Wave parameters were consistent be-
tween the various observational techniques that utilized
both currents and hydrography. ScanFish tows at a fixed
depth (see section 2) provided better wave characteriza-
tions than the profiling tows, because horizontal spatial
aliasing could not be overcome by adjusting profiling
parameters and ship speed. Wave amplitude deercased



1008

in both vertical displacement and velocity with shal-
lowing water depth. Wave energy correspondingly de-
creased as the waves propagaled up the sloping botiom
into shallower waler. The observed internal solitons can
be locally described by an inviscid, first-order, two-layer
KdV model, but the apparcent decrcase in amplitude as
1he waves move into shallower waler perhaps requires
the usc of a sccond-order (cubic) exiended KdV or
morc a complex model to fully explain this decrease. On
the other hand, frictional cffecls may be important in
shallow water. Rough estimates of dissipation due to
bottom drag and shear instabilities in the pycnocline are
of the same order as the average dissipation inferred
from the energy-flux divergence ncar the center of the
mooring array.
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