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Abstract. The energetics of large amplitude, high-frequency 1992 Small et al, 1999 Ramp et al.2004. As such, these

nonlinear internal waves (NLIWSs) observed over the Newlarge amplitude, relatively high-frequency waves represent

Jersey continental shelf are summarized from ship and moora step in the cascade of energy from large-scale tidal mo-

ing data acquired in August 2006. NLIW energy was typi- tions down to small-scale turbulent mixing. The energy in

cally on the order of 19Jm1, and the wave dissipative loss the waves that is available for conversion to mixing is the

was near 50 Wm!. However, wave energies (dissipations) sum of the kinetic energy and the available potential energy.

were~10 (~2) times greater than these values during a par-The kinetic energy is defined as

ticular week-long period. In general, the leading waves in a

packet grew in energy across the outer shelf, reached peglr _ /XZ/O Exdzdx

values near 40 km inshore of the shelf break, and then lost v J-H

energy to turbulent mixing. Wave growth was attributed to x2 0 q

the bore-like nature of the internal tide, as wave groups that = / / E’Oo (u/2+w’2) dzdx , Q)

exhibited larger long-term (lasting for a few hours) displace- X1 J-H

_ments of the pyc_nocline offshore typically had great(_ar energyand available potential energy is

inshore. For ship-observed NLIWSs, the average dissipative

loss over the region of decay scaled with the peak energy in x2 0

waves; extending this scaling to mooring data produces estiAPE=/ / (p—p)gzdzdx,

mates of NLIW dissipative loss consistent with those made # J-H

using the flux divergence of wave energy. The decay timewhere integration limits extend from the bottom;: —H , to

scale of the NLIWs was approximately 12 h correspondingthe surfacez =0, and across the wave. In the above expres-

to a length scale of 35 km{(100) wavelengths). Imposed sjons, Ey is the kinetic energy density for a wave with per-

on these larger scale energetic trends, were short, rapid eXurbation velocities/’ andw’, pg is the average density, and

changes associated with wave interactions and shoaling on g is the reference density, defined by the state of minimum

localized topographic rise. Both of these events resulted irpotential energyill, 1982 Shepherd1993 Winters et al,

the onset of shear instabilities and large energy loss to turbui995. The total, E =KE+APE, is called the pseudoenergy.

lent mixing. When considering the impact of NLIWs on shelf mixing, the

physically relevant quantity is the pseudoenergy and not sim-

ply the combination of KE and the potential energy, PE.

1 Introduction Conservation laws governing the pseudoenergy have been
described in multiple paperSepherd1993 Winters et al.

In the coastal ocean, the formation of nonlinear internal wavel 995 Scotti et al, 2006 Lamb, 2007). Though expressions

(NLIW) packets is frequently attributed to tidal interaction vary slightly depending on the assumptions and generaliza-

with topography (e.g.Apel et al, 1985 New and Pingree tions of a particular derivation, the primary difficulty emerges
in the designation of the reference denspy, The ocean’s

density field is neither at-rest nor steady; it is highly variable
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description to deal with inhomogeneous background condi-and a wave impinging on a topographic bump. The results
tions, accounting for the non-steady nature of the ocean is are summarized in Secf. Note that in the remainder of
daunting problem, particularly when dealing with the limited this manuscript we use the word energy as synonymous with
resolution of observational systems. The fundamental dif-pseudoenergy; in all cases, we are considering the sum of
ficulties in adequately resolving the ocean’s state at scaleKE+APE.
relevant to NLIWs make defining in this open environ-
ment inconclusive at best. To side-step this difficulty, rea-2 Experimental details
sonable approximations to the reference density are regularly
employed. In August 2006, a wave-tracking experiment was conducted
For example Hebert(1998 approximated the reference over the New Jersey shelf from the R®ceanus Ship-
state of a sampled region by first artificially extending the board observations were obtained through 27 distinct NLIW
length of the domain before adiabatically resorting the denspackets at various locations across the shelf. Some packets
sity. Alternatively, Scotti et al.(2006 reconstructed an av- were comprehensively measured, using both our microstruc-
eraged background state that varied temporally and spatialljure profiler, ChameleorMoum et al, 1999, and shipboard
using a combination of mooring and shipboard data. Somexcoustics (300 kHz and 1200 kHz acoustic Doppler profilers
studies have neglected this difficulty entirely by assumingand a 120 kHz echosounder). The Chameleon profiler sam-
that the APE and energy flux are reasonably approximatedles temperature, salinity, pressure, temperature variance,
by 2 (¢20') / (poN?) andu’p’, respectively, where the prime  velocity shear, fluorescence, and optical backscatter. From
denotes perturbation fields (usually calculated by filtering)this data, density and turbulent kinetic energy dissipation can
and N is the buoyancy frequencyBtickman and Loder  be estimated. (The latter quantity is calculated by integrat-
1993 Nash et al.2005 Chang et al.2006. Although for ing the shear spectra; details of this process can be found in
small amplitude waves these expressions are reasonable, thbjoum et al, 1995) Other wave packets were measured us-
are not appropriate for larger amplitude waves where the ading only acoustics; thus, velocity data are available for these
vection of energy contributes significantly to the flilscotti ~ waves but not density or turbulence data.
et al, 2006 Moum et al, 2007a Lamb, 2007). For large am- During profiling, the ship was positioned ahead of a packet
plitude waves, like those summarized here, the total flux isand held relatively stationary. Before arrival of the wave
the sumu’ (Ek+Ea+ p’), whereEj is the available poten-  packet, “background” profiles were obtained to the full ocean

tial energy density, depth. Upon arrival of the waves at the ship, profiles were

0 terminated at roughly 40-m depth, so that the horizontal res-
Ea=g/ z—27"(s)ds. 3) olution could be maximized. (That is, the time between pro-
p(2) files was minimized.) The first few NLIWs of a packet were

Here, z*(s) satisfiesp(z*(s)) =s for a reference density, profiled through as the waves propagated past the ship. The
0(z), that is monotonic and stable. The reader is referredprofiler was then recovered, and the ship repositioned ahead
to Shepherd1993, Scotti et al.(2006, Lamb (2007, and  of the packet. Using visual sightings and X-band radar im-
Lamb and Nguyeif2009 for details of the derivation of 5. ages, the ship track was maintained roughly perpendicular
The divergence of the pseudoenergy flux over a measuretb wave fronts. In this fashion, packets were tracked large
distance gives an upper bound to the amount of turbulentlistances (as much as50 km) across the shelf, although
mixing that occurs in a region. This estimate provides anthis was not always the case and depending on circumstances
average quantity, and does not account for the “patchinesssome wave groups were measured at only a few stations. The
(both vertical and horizontal) of turbulent kinetic energy ship-tracked wave groups were named for bookkeeping pur-
(TKE) dissipation observed in NLIWs. For examphoum poses; names are used here when referring to specific pack-
et al.(2003 document rapid energy loss to turbulent mixing ets.
initiated by the onset of shear instabilities, which are typi- During wave tracking, vertical profiling time-series were
cally localized at the back of the wave near the pycnocline.usually obtained through the first three waves before turning
In contrast|nall et al. (2000 show that for waves observed the ship and repositioning ahead of the wave group. How-
on the Malin Shelf, TKE dissipation primarily occurs in the ever, we remained flexible as to the exact number of waves
bottom boundary layer. that were profiled through, sometimes capturing only the
This paper examines pseudoenergy and TKE dissipatioead wave while at other times profiling through as many as
in NLIWs observed over the New Jersey shelf. We first be-10waves. The technique was modified to adapt to the char-
gin by introducing the experimental setup in Se&&tand  acter of the wave group and our interest at the time; for ex-
follow by detailing the method used to calculate energiesample, if the wave group appeared to be evolving rapidly,
from shipboard and mooring platforms in Se8t. General  microstructure measurements were obtained only through
observations are presented in Ségtand the temporal and the first 1-2 waves so that the ship could be repositioned as
spatial trends are discussed in Séct.Section6 examines  quickly as possible. On the other hand, if profiling occurred
two specific examples of energy exchange: wave interactionsear an environmental mooring (see below) the series was
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often extended to allow for detailed comparison of mooring
and shipboard data. On average, the time interval betwee |
profiling periods of a particular wave group was on the or- SWO6 Site
der of an hour, corresponding to a horizontal distance of less
than 5km.

This endeavor was part of the larger, multi-institutional
NonLinear Internal Wave Initiative and Shallow Water 2006
(SWO06) experimentTang et al. 2007 funded by the Office
of Naval Research, for which an along- and cross-shelf ar-
ray of environmental and acoustic moorings were deployed H -2
(Fig. 1). Most environmental moorings provided either ve- K4
locity measurements, or well-resolved measurements of tem- (oév A ;
perature with sparser salinity measurements. For the calcula- s & - 39N
tion of E, we selected moorings that were equipped to mea- Grp @
sure water column velocity and in a location where NLIWs ] Wy
occurred (i.e., inshore of the 80-m isobath). Three cross- #
shore moorings, SW30, SW37, and SW29, met these re- . —
quirements (blue diamonds in Fifj). Depending on loca-
tion, shelf moorings recorded the passag®agi00 differ-
ent wave packets. A more detailed description of the environ-

; - ; Fig. 1. Site bathymetry, mooring locations (red diamonds) and
mental mooring setup is provided 8hroyer et al(20109. i hased transect boundary (grey cloud). Blue diamonds show

The cross-shelf coordinate system used in the majority of fighe cross-shelf environmental moorings that were used to compute
ures presented here is defined in Fignote the Okm mark  NLIW energy. The coordinate system is defined by black arrows
is located at the intersection of the mooring array roughlywith the along-shore direction rotated’3lockwise of north. Bold
20 km inshore of the shelf break. colored arrows estimate regions of wave growth and decay.

Ship transects extended more than 20 km farther inshore
than the mooring array (grey cloud, Fit). Although the
resolution provided by the ship allowed for the shoaling evo-mum magnitudes of 0.1-0.2 mscompared to greater than
lution of waves to be captured; only the first few waves in 0.5-0.7 ms? in waves). However, particularly in shallow
each group were resolved. In addition, after a wave was folWater, the background velocity was sometimes of the same
lowed inshore, we frequently elected to pass by developednagnitude as the wave particle velocity. In genernalz)
wave packets on the return to the shelf break in favor of try-contained both a baroclinic and barotropic component. The
ing to capture a new wave group at an earlier stage of evoexact structure is not detailed here simply because of the vari-
lution. Mooring records complimented this perspective by ability that existed, i.e., at any given location and time the
providing localized information about the entire wave field, structure could be completely different. (The reader is re-
including the complete structure of individual wave packets.ferred to toShroyer et al.2009 2010afor specific examples
Accordingly the energy analysis of mooring and ship recordsof uo observed during the SWO06 experiment.) After defin-
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differ. ing ug, the wave kinetic energy was then straightforward to
calculate using Eqdj.

3 Detalls of energy calculation The available potential energy was determined follow-
ing Lamb (2007 by integratingE, (Eqg. 3) over the wave

3.1 Shipboard calculation domain. The reference density was calculated as follows.

Although the vertical resolution of density and TKE dissi-
The data collected during semi-stationary times of wave pro-pation was well-resolved (1-m bin averages) through pro-
filing were used to compute wave energy. Time series werdiling, the horizontal resolution was coarse with approxi-
converted into spatial series using the observed wave speedhately 5 profiles through a wave. Interpolation of density be-
¢, measured by differencing wave position as a function oftween profiles was accomplished using acoustic backscatter
time. Wave velocities were estimated by subtracting esti-from the 120 kHz echosounder. The shelf density structure
mates of background velocityp(z), along isopycnals. We during the experiment was approximately two-layer, with a
definedup(z) using a 5-10min time average of velocity sharp pycnocline that typically provided a consistent, strong
ahead of the wave train. The exact number varied dependbackscatter return surface. This backscatter surface was used
ing on the duration of time that a ship was positioned at ato define the horizontal amplitude structure of the wave,
station before arrival of the first wave. Background veloc- R(x). The vertical structurep (z), of the wave was obtained
ity varied greatly; however, in most cases the magnitude wady using the observed density to calculate the displacement
small compared to the particle velocity of the waves (maxi- structure function. Thus we assume the displacement is
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separable{(x,z) = R(x)¢(z)); however, we make no as- wherex = 0.4 andu, = /t/p. The dissipative loss in the

sumptions about the analytical form &fx) and¢(z). The bottom boundary layer was then calculated by

density field was then calculated a6c, z) = p, (z —n(x,2)),

wherep, (z) is the average density profile measured ahead of xp —H+10

the waves. This idealized density field was then used to estiZ’bb! = po/;l /_H €obid 2 ®)

mate the “local” reference statg, at each profiling station.

First, the domain size was increased by a factor of 10 usingn contrast to EQ.4), epp iS not averaged in Eq5) since

the density structure ahead of the wave; the extended domaitine horizontal resolution afip is set by the ADCP and not

was then resorted to defipe(Winters et al. 1995. vertical profiling. The integral was arbitrarily cut-off at 10 m
Interior wave TKE dissipatione, was measured directly 2Pove the bottorln, but this has little influence/og because

from shear probes. Values presented here represent averag@s! decays s~ so itis dominated by the near-bed dissipa-

through the wave cores; data within 10 m of the surface ardion- RegardlessDini. was typically much larger thadpp

neglected due to possible contamination by the ship’s wakeVith @ median value oDint./ Dy Of 10. The total dissipative

Dissipative loss attributed to the waves in the interior of the!0SS in the waves was calculated@as= Dint. + Dppl-

fluid, was estimated b
y 3.2 Mooring calculation

x2 0 In contrast to ship-tracked waves, for which the wave speed
Dint. = po/ / <€>—<eo>dzdx, (4)  was directly calculated, the wave speed at moorings was es-
M timated by assuming a KdV correction (-10 m amplitude)
to the linear phase speed. This value was used to convert
where z is the depth of maximum stratification mooring time series into spatial series. SW29, SW30, and
(max{N(z)} = N(—z0)), and the horizontal integration sSw37 were each equipped with acoustic Doppler profilers
limits extend across the wave. If, at a given location, it was(ADCPs), and estimates of KE were made using Bi. (
apparent that wave dissipation extended beneath), the  \wave velocities were isolated by subtracting a background
lower limit was adjusted accordingly (typically less than yelocity profile, defined as the 10-min average prior to wave
5m). The lower integration limit was set in an attempt to arrival, along isopycnals. Due to surface interference, the up-
standardize the calculation, since individual profile depthsper~ 10 m was not resolved by the ADCPs, and a constant
were not uniform. Rather than setting a constant depth, thiyorizontal velocity was assumed for near-surface extrapola-
measure was adopted to account for wave perturbations, i.etion. Vertical velocity was extrapolated linearly to zero at the
this method essentia“y selects for an iSOpycnal surface. Notgurface_ For mode_l depression waves maximum horizontal
that in general, the fluid was approximately two-layer with yelocities occur at the surface, and we expect this method
the maximum ofV ~ 101 s~ across the shelf; accordingly, will bias KE estimates low.
the integral essentially selects for the upper layer. In reality, ayailable potential energy was only directly calculated at
the results are not sensitive to the exact limit, since largeyqoring SW30, as this was the only mooring where a well-
values ofe are encompassed by the vertical integral andyesolved density structure could be calculated. The upper-
only small values are excludee ¢ > is the average of the st density measurement was recorded at 14 m below the
measured dissipation within the limits of integration, and grface; data at the surface was set using the shipboard flow-
<e€o > is the average of the measured dissipation withinyhrgygh instrumentation. All data recorded withis km of
the same vertical limits but in profiles made prior to wave g\w30 was averaged into half-day bins; missing data val-
arrival. When< e > was less thanc e > (i.e., dissipation a5 were interpolated linearly. The half-day bin average
outside the wave exceeded that inside the wailla}, was  that encompassed the start time of the leading wave was
set to zero. then used as the surface density. In the vertical, density
In order to maximize the horizontal resolution of measure-was extrapolated linearly between sensors and to this surface
ments, full water column profiles were only made ahead ofvalue. SW29 and SW37 were not heavily instrumented with
waves; during wave passage, profiling was confined betwee&TD sensors<£ 3 conductivity sensors); hence, calculation
the surface and 40-m depth. Wave profiles extended intaf APE would require extensive interpolation and extrapola-
the bottom boundary layer only in regions where the watertion of the density field. Instead, at these moorings, the total
column depth was close to 40m. We therefore adopted a@&nergy is estimated using ARKE. For this experiment, this
quadratic drag law to estimate the bottom stress(p pu%o, relationship was tested using shipboard data across the shelf
using the wave velocity 10 m above the bottamgj. A to- and found to be robust (Sed). After exhausting multiple
tal of 30 profiling series, which contained measurements inteextrapolation and interpolation techniques for the unknown
the bottom boundary layer, were used to estimate a drag cadensity field, we concluded that simply using this approx-
efficient of Cp = 0.002. The relationgpp = uf(lcz)_l, was imation provided reasonable and the most straight-forward
used to calculate dissipation in the bottom boundary layergestimates of total energy.
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Fig. 2. The frequency distribution dfa) wave energy an¢b) dis-
sipation in waves between 10—40 m depth. The meanand me- w
dians,uy,2, are given; distributions are calculated from shipboard E 10° F-----
data. ¥

A short-coming of the experimental set-up (shipboard ob- 10"
servations as well as a primarily cross-shelf environmental® 01
mooring array) is that a 2-D wave structure is assumed when
computing wave energetics. An along-shelf branch of the
mooring array, located along the 80-m isobath, suggests tha ‘ ‘
this assumption is limited, as wave energies were at times 60 50 -40  -30
roughly an order of magnitude smaller just 10 km farther up
coast (toward the northeast) than at SW30. (At other tlmesFig. 3. (a)Ratio of KE and APE for the current study (black dots),

wave energies were similar between the two moorings.) Reés well as several other experiments: open diamokiysnak and

gardless, we proceed to present the 2-D energy balance, bMoum, 2003, grey diamondsNloum et al, 20073, open circles
emphasize that more work is needed to understand the fullypmoum et al, 20078, light grey circle Klymak et al, 2008, and
3-D wave field. dark grey dots$cotti et al, 2006. Data are from a variety of lo-
cations and include both elevation and depression wa@dis-
togram of logq o(KE/APE) for waves observed during this experi-
4 Ship-based observations ment. (c) Ratio of KE to APE as a function of cross-shelf distance
for the NJ shelf waves. The black line is the 10 km-bin average with
In this region, the waves are believed to be formed as a conerror bars showing one standard deviation from the mean i@tjo.
sequence of tidal interaction with the shelfore@hioyer  Depth of maximum stratification (grey) and bottom (black) for each
et al, 2010k Nash et al.2010. The high-frequency NLIWs  Profiling series.
were typically first observed roughly 10-15 km inshore of the
shelfbreak and then were tracked by the ship as they propa- o )
gated inshore. The energy and dissipative loss were calcu¥hich helps to minimize random error, shows little range
lated for each wave that was profiled through from the shipn this ratio with an offshore value of 1.1 and an inshore
at each position and time, totaling just over 500 wave “real-valué of 1.0 (Fig3c). Inshore there are more occurrences
izations”. Below, the general characteristics and statistics oPf APE>KE on a point-by-point basis and even this highly-
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these ship-observed waves are summarized. averaged value of KE:APE begins to depart from fully non-
linear theory, which requires KEAPE (Turkington et al.
4.1 Energy 199]).

Application of this theory, which neglects dissipation and
Distributions of ship-observei are shown in Fig2a. The  assumes 2-D waves, is questionable as a wave begins to shoal
averageE was 0.6 MJnm!, and observed values spanned in a dynamic coastal environment. Recent numerical experi-
three decades fromx2L0* Jm 1 to 7x10°Jm 1. The me-  ments byLamb and Nguyef2009 verify the departure from
dian value was one-half the mean at 0.3MJm In gen-  the relation KE-APE for shoaling waves, and a similar trend
eral, KE was approximately equal to APE (F8). The ratio  was noted byscotti et al(2006 in Massachusetts Bay, where
of KE to APE varied from 0.27 to 3.6 for individual waves estimates of the average available potential energy density
(Fig. 3b). This spread may partially be attributed to error as-exceeded the average kinetic energy density at an inshore
sociated with extrapolation, interpolation and estimation ofmooring. The water depth and depth of maximum strati-
p (see discussion below). The ten-kilometer bin averagefication are shown in Fig3d; as the bottom depth shoals,
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I. High, Localized Dissipation |l. Patchy, Elevated Dissipation Ill. Low Dissipation

a)

-10.4 -102 -10 -9.8 -138 -136  -134 -22.8 -226 -22.4
distance (km)
Fig. 4. (a) Acoustic backscatte(h) vertical shear, ant) loge for the leading wave of one pack®dsey at three different times/locations.
Contoured in white (black) in panel b) dﬁz% (Riz%) for regions whereV2 > 2.5 x 10~35~2. This cut-off in stratification was selected so

that only values within the pycnocline, where both anduf are large, are plotted.

the pycnocline deepened slightly. The pycnocline does no#.2 Dissipative losses

reach mid-depth; however, the trend is at least consistent

with KE:APE— 1 as the pycnocline approaches mid-depth, The distribution ofe (Fig. 2b) was based on all measure-
as predicted byamb and Nguyeii2009. ments made in the range 10- to 40-m depth, which typi-

Although variability is present, the relationship KBPE  cally encompassed the pycnocline both inside and outside
seems to exist in multiple geographic regions for both depresof wave perturbations. The mean valueeoin the waves
sion and elevation waves (Figa). Accordingly, equiparti- was 108 Wkg~?; localized values exceeded oW kg.
tion of energy may serve as a reasonable approximation The medianui/a(e), was 6<10-9Wkg~1, three orders of
only one component is known. While equipartition violates magnitude smaller than the mean. This spread between the
the relation KE-APE, we argue that the approximation may mean and the median is a result of the “patchiness” of tur-
be useful in estimating totadl in the ocean for the following bulent regions. The qualitative character of wave mixing can
reasons. First, the necessary, well-resolved measuremenig classed into three general categories: 1. high, localized
in both the time and space domain are difficult to acquire;dissipation, Il. patchy, elevated dissipation, and IlI. low dis-
even under the best of circumstances, data extrapolation argipation (examples shown in Fid).
interpolation is required. Second, as discussed previously, In the Category | wave state, observations of high dis-
defining the reference density from limited measurementssipation were confined to the trailing edge of waves and
in an open environment is problematic. The combinationcoincided with low Richardson numbdki:Nz/u§ (where
of these two factors make error estimates of calculated en# is the buoyancy frequency ang is the vertical shear).
ergy difficult to quantify. To attain some measure of the error These qualities along with billow-like structures apparent
associated with sampling resolution, we created KdV soli-in some backscatter images point to turbulence generated
tons for several of the observed background states. “True'from shear instabilitiesMoum et al, 2003. Waves in the
E was estimated from complete soliton fields. Solitons wereCategory | state were typically of larger amplitude (roughly
then sampled in a manner consistent with ship-based obser-10-m displacements compared to an average observed am-
vations, andE was re-calculated. Resultant estimates indi- plitude displacement of —8 m); the highest dissipation rates
cate that reasonable errors are typically around 25%, a valug¢> 10~4W kg~1) were observed in this category. Waves in
which in many cases could easily distort the true ratio be-the Category Il state displayed elevated dissipation that was
tween KE and APE. Note that this error does not account fordistributed throughout the wave core, in regions of high and
uncertainty inp. low shear. This type of observation was the most common,
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and while dissipation was elevated from background levels, a) 10°

values were not typically as large as those observed in the _

first category. The third category is comprised of waves with Mooring Record deag

very low dissipation or waves witlbj,; =0, i.e., the inte- . ¢I' ‘\“Ij ¢

rior background dissipation exceeded wave dissipation. Cat- <~ }4/*' A ” o ,k;l\

egory Il states occurred in waves of both large and small £ 107 I-I-r«" Z v N ‘\; i

amplitude. e VAR PR AW
The examples shown in Fig.were selected not only be- 3@ VT . $ ’ , ¢ “ '\

cause the series illustrates these three categories, but als & N N ¢ * ’

because it emphasizes that the character of mixing was no f 10° . e . 4

\%

directly related to amplitude. Furthermore, as should be ex-

pected, the series highlights the rapid evolution of turbulent —29
regions in time and space in that transects were obtained frorr 30
the same leading wave within wave groRpseyand were 37

separated by only a few hours (kilometers). The illustration b)
is also useful because it suggests a possible dynamical reasc
of the character difference in waves, with the onset of shear -~ 1¢°
instability associated with low Richardson number (Cate- £
gory 1), the energy cascade to smaller scales (Category II),
and the eventual damping of TKE dissipation (Category IlI).

2
w

O
~

dn/dt® (m? d?)

5 Spatial and temporal trends in NLIW energetics

The variability in the NLIW field on the New Jersey shelf was

manifested over a variety of temporal and spatial scales. In
this section, long-term (large-scale) trends are documented
and short-term, rapidly evolving changes in energetics are
discussed in the following section. Here, we only briefly note

tempor_al trends_ln NLIW energy, as the variability of the in- Fig. 5. (a)Daily average (solid lines) of the depth-integrated NLIW
tern_al tide, and its consequent _effect on the NLIWSs, are theenergy calculated at three cross-shelf moorings. Diamonds repre-
subject of a separate manuscriptah et al.2010. More  gent individual wave estimates; the bold, dashed line is the daily
detail is given to the spatial evolution of waves. mean averaged over the three moorings with 95% boot-strapped
confidence limits(b) Shipboard estimates of total wave energy. Di-
amonds show values for individual waves, and the bold line is the
2-day bin average with error bars spanning one standard deviation.
The observed wave energies varied considerably in time(c) Barotropic forcing at the shelf break.

with larger amplitude, more energetic waves occurring be-

tween 16—-22 August 2006 (Fi®). Mooring time series,

which have the advantage of resolving all NLIWSs at one lo- tude waves, and the average turbulent diffusivky, was

08/11 08/16 08/21 08/26 08/31

0 HYin
08/01 08/06

5.1 Temporal variability

cation, are used to highlight temporal variability (F&n),
although shipboard data show the same change ghig.
NLIW energies during this 7-day period were roughly an or-

der of magnitude larger than at other times during the expery , =

iment. This time period was not related to the barotropic

70% greater over this same time period (F8). K, was
calculated using

e
N2’

(6)

spring tidal cycle (Fig.5c), but instead corresponded to @ wherel” = 0.2 is the mixing efficiency@sborn 1980. Thus,
time of increased shoreward, internal energy flux. This pe+turbulent mixing is roughly a factor of two larger between

riod also coincided with the onset of upwelling winds and
a shift in mesoscale stratification at the shelf breghryer
etal, 20100. This shift in character of the NLIWs is thought

the two time periods, whereas energies differed by a factor
of ten.

to be related to the relationship between the locally- ands.2 An evaluation of cross-shelf evolution
remotely-generated internal tide at the shelfbreak, and the

topic is the focus of ongoing workN@ash et al.2010.

The difference in turbulent mixing between the time pe-
riods of large and small waves is quantified in Fég. The
average: was 55% greater during the period of large ampli-

www.nonlin-processes-geophys.net/17/345/2010/

While shipboard observations do not capture the entire wave
train, the data set allows for the cross-shelf evolution of wave

energetics to be studied. For this analysis, we evaluate the
total energy in the leading three waves of each group; and, all
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references to energies and dissipative loss in the remainder

of this section are integrated over the leading three wavesrig. 7. (a) Black diamonds show the total energy for the lead-
This number was selected because i) integrating over severalg three waves at each profiling station; individual profiling sites
waves “filters” the short term changes discussed in S&ct. for selected waves are connected with thin black lines. Ener-
and ii) in most cases (85%) this was the minimum numbergies for Wave Rosewre indicated with the thick black line. The
of waves profiled through before the ship was re-positionedthick colored line gives the bin average of energy, excludVaye

If, at any given location, less than three waves were sampled0sey Mooring-based energies calculated for the ship-tracked
the energy was weighted appropriately. (E.g., if only two Wave groups are indicated with yellow diamond¥) Bl_ack dia-
waves were measured the total energy was multiplied by 3/%"°nqs represent the valdE/dt + f pe. The shaded line shows

. . . - he bin average.

in order to approximate the energy in three waves.) Given the

general tendency for the leading wave to be the largest, we

recognize_ that thi_s approximation may be an over-estimaterhe difference between the mooring (yellow diamonds) and

Waves with a weighting factor of 3/2 make up 9% of the shiphoard mean may be attributed to the extrapolation of ve-

observations, and waves with a weighting of 3 compose 6%q¢ity data to the surface required for mooring recoi¥ave

of the observations. Roseystands out as an anomaly, and is not included in the
The cross-shelf evolution of wave energetiCS is shown inbin_averaged line or mooring data points_ This wave was

Fig. 7. A clear trend was observed as leading waves ini-|ikely amplitude-limited and is discussed in detailShroyer

tially grew in energy (amplitude) as they propagated onshoregt al.(20101).

at approximately 20 km inshore of the T-axis of the moor- e define the energy supply in the waves as

ing array, loss to dissipation (both in the bottom boundary

layer and the interior) resulted in wave decay. This figuregnergy Supply= d_E+D. (7)

is composed of 130 data points from 16 of the 27 ship- dt

tracked wave packets, leaving 11 omitted wave packets. Fivqvhen this quantity is zero either (if does not change

of these 11 groups were tracked using only acoustics, preand D is negligible, or (ii) decay is balanced by dissipa-

cluding direct measurement of APE and more importantly tive loss. (Note that by definitioD is positive definite.)

since the former may be estimated using KE. Another fourThe energy supply includes terms such as the interaction

wave groups were profiled through at only one station so thabetween the mean flow and the waves, 3-D effects, or any

their evolution was not documented. A mode-2 packée  other sources/sinks not accounted for by the dissipative loss.

Jasming, whose energetics are explored Sjiroyer et al.  The energy supply for all wave groups (excepting Rosey) is

(20109, was also discarded, and the final exceptieaac ~ shown in Fig.7b. As may be expected, the region of energy

is discussed in Seds. growth is generally associated with a supply that is greater
Figure7a showsE at each profiling series of the remain- than zero, i.e., energy is added to the leading three waves.

ing 16 wave packets. Individual profiling sites of the larger Although termed “supply”, the quantity can also be negative.

amplitude wave groups, which dominate the trend, are conThese cases may indeed be real (e.g., when the waves lose

nected with thin black lines. Note that the bin average (red-energy to the mean), or they may be representative of the

blue line) is representative of these individual wave packetsinability to accurately account for the total dissipative loss
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based on point measurementsofSinced E /dt is non-zero 2 L b pa—
over the region of wave decay, the tendency for the energy 51 WaveAwa [ E : 15 hr average
supply to be near zero indicates a balance between decay an = . .

\% <

turbulent dissipation, similar to that observed for waves off
the Oregon shelf bjyoum et al.(2007h. Caution should
be exercised when considering individual “points” of energy

)
supply, as this quantity can be largely influenced by localized | AR ; o114 AT i
values of high dissipation. This quantity should in reality be § “‘ ‘M‘ I e o WJ‘\/\JWWWV\NVMMW
viewed as an average over a larger scale as opposed to a %] ‘ ‘ wage | = !

apr . . -0.14"
exact balance at a specific point, since the true temporal anc _o] ‘ ‘

H [ 08/15 08/17 08/19 08/21 08/23

spatial extent of mixing events is not known (i.e., observa- el 9
tions only provide a snapshot). u l‘ 15
£
—20+ )
5.2.1 Growth —swao i
-257 ——Ssw29 © o
T T T LJ_J 5 <' * :-
The observed growth of the first few waves of a packet may ™ nous fromiead uave SHRR
have occurred at the expense of energy from the bore-like % 0 5 10 15
4n (m)

component of the internal tide. Here, we use bore-like to

_refer to the Iong-term_ﬂé a few _hours) density offset of the Fig. 8. (a) Displacements at SW30 (black) and SW29 (grey) for
internal tide, upon which the higher-frequency NLIWS were ppva solid lines show total displacement and the low-frequency

sometimes imposed. Nonlinearity prohibits a simple, addi-pore displacements are dashed linés) Average change in bore
tive separation of wave and bore energy; and yet, the tempefisplacements between SW29 and SW30 for large amplitude ship-
ature records at SW30 and SW29 provide evidence of thisracked waves. Positiven indicates larger displacements at SW30.
exchange. Note that SW30 was located at 0 km, slightly in-(c) Wave arrival times at SW30 as compared to the barotropic cross-
shore of the NLIW formation region and at the beginning shore M2 velocity at SW40, a shelf-break mooring. All NLIW
of the growth trend (Fig7). On the other hand SW29, lo- arrival times measured at SW30 between 13-25 August 2006 are
cated at —21 km, was positioned near the location of “peak”s_hown' and the 6 ship-tracked waves Iigted in panellb) are high-
wave energy that occurred just prior to decay. At SW30I|ghted by dark grey tnangle_s(d) The maximum depth-integrated
isotherms typically maintained a bore-like offset long after energy at SW29 as a function afy for all wave groups (as ob-
the passage of the leading waves, while at SW29 isothermgewed from mooring records) tracked between SW30 and SW29.
returned to near rest positions within a relatively short pe-

riod of time. This trend was noticeable in a majority of the

wave packets, and in particular was a robust feature of larger- A change in the bore displacement between SW30 and

amplitude, ship-tracked waves that dominate the trend pres\w29 was then calculated by subtractingy =< 759" >

sented in Fig7a. _ _ _ — <nB%®>, so that a positive\n indicates a larger bore at
To quantify the bore-like nature of the wave trains, dis- S\y30. Here the angle brackets denote averages over 1.5 and
placements were calculated for thermistors located near 203y g time intervals were chosen to ensure robustness of

m depth using the calculation. Both measures show similar trends, and ei-
T ther may be used for comparison. The results for the largest
n==, (8)  six, ship-tracked waves are presented in Blg.In all cases,
aT /az bore

nbore exceeded39" (i.e., An > 0). Roseyonce again stands
whereT’ is the perturbation temperature af@/dz is the  out as anomaly withhn 2-3 times larger than that of other
mean temperature gradient centered at 20m. This deptkhip-tracked waves. Extending the analysis to other NLIW
was selected due to its proximity to the average pycnoclingpackets recorded in the mooring data shows a general trend
depth, where maximum displacements are expected to occuil which larger values ok correspond to larger wave ener-
Furthermore, sensors above this depth gave unreliable wawgies at SW29 (Fig8d).
displacements due to the (nearly) unstratified surface wa- The energy transfer from the tidal bore to the NLIWs re-
ter. Displacements were calculated at both SW30 and SW2%ults in amplitude growth of the leading waves and an in-
only those waves that could be reliably tracked between theserease in the number of the waves per packet between SW30
two moorings were used in this analysis. A crude estimate ofand SW29. This story is not unique and has analogues in
the bore displacement was then obtained by taking the minmany other regions (e.gGolosi et al, 2001, Ramp et al.
imum displacement over 25-min bins. An example calcula-2004 Moum et al, 20073. The result is consistent with non-
tion is shown in Fig.8a for Wave Anya Solid lines show linear steepening and subsequent dispersion of an initially
estimated total displacements, and dashed lines represent thinear internal tide lolloway et al, 1997 Grimshaw et al.
bore component at SW30 (black) and SW29 (grey). 20049. If this is indeed the case, the distance between SW30
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and SW29 represents an upper-bound on the distance/time) 400 . ~| b) 400 pars
required for the dispersion of the internal tide into high- o
frequency NLIWs. However, this simple picture is compli- o ¢ o
cated by the irregularity of wave arrival times with respect
to the barotropic tide (Fig3c), which are indicative of the
complex nature of the internal tide in this open-shelf envi-
ronment. Note that even the large amplitude waves listed in o
Fig. 8b do not occur at the same phase of the barotropic tide, oo k
with Wyatt and Anya occurring roughly 12 h out-of-phase 0 200 400 0
with the other waves. DMwm?)

NeglectingRosey most of the large amplitude wave pack- Fig. 9. The average energy loss per unit time comparegh)ahe

ets exhibited a lag between formation and the onset of growtl}ﬂveralge dissipative loss afts) maximumE for ship-tracked wave

(occurring at roughly -5 km). The delgy in wave growth orons that exhibited decay. Each point represents an average over
may be att”buted to error In energy eStImateS, unaccounte e decay phase of each wave group.

for interactions between the waves and mean velocity shear,

or possibly gradients in cross-shelf stratification. During

the observational period there was a general trend for the

pycnocline to sharpen inshore, i.e., the fluid became more

two-layer like. We also note that onset of growth is con-

sistent with the inshore extent of frontal meanders (per-& time scale ob12h. Larger waves that typically exhib-
sonal communication from Glen Gawarkiewicz, Woods Hole ited larger wave speeds will have longer decay length scales
Oceanographic Institution, 2010), which exert control on thethan smaller waves. Since SW29 was located near the re-
background stratification through which NLIWSs propagated. 9ion of maximum energy for the ship-tracked waves, we ex-
These circumstances may be coincidental; but, they, alongend this analysis to all NLIWs observed at this mooring.
with a quantification of the feedback between the mean ve-The resultant daily average of the parametrized dissipative
locity and wave energy, deserve further exploration and ard0ss, Dx=p Emax=24x 107571 Emay, is shown in Fig.10,

the focus of an ongoing effort to understand mesoscale influwhere Emax is approximated asRE at SW29 as discussed

200 4

—dE/dt (W m™?)
N
o
o

5 20

10 15
E (MIm?)
max

ences on NLIWSs. in Sect.3.
This approach is essentially the same as a flux divergence
5.2.2 Decay estimate of dissipative loss,
. . . . oF AF
Waves reached maximum amplitudes/energies at approxiDr, Ea% vl 9)

mately 40 km inshore of the shelf break (x=—20km). Past

this location, a general balance between wave decay anwhere at each location;, the flux, F, is calculated by in-

dissipative loss was maintained (Fif). Of the 16 waves tegratingu’(Ea+ Ex + p') over the water column depth and

plotted in Fig.7, 13 were tracked into the decay regime. across the wave train. Writing the energy flux &s= cE

(The remaining three groups were small amplitude with the(€.g.,Moum et al, 20073, Dr, becomesA(cE)/Ax. If we

peak energyEmax Summed over the leading three waves then consider the distandeover which all NLIW energy is

equal to~0.5 MJnT? for each group.) The average wave dissipated, the decay rate may be approximated=s:/L.

decay,—dE /dt, was calculated using a least squares fit to The relation betwee®r, =cE/L and Dy = (¢/L) Emax IS

a linear trend over the period of energy loss. As may bethen obvious.

expected, based on the general balance between the local Comparison between the daily averafg, and D, at

energy loss and turbulent dissipation (Fifh), this aver- SW29 shows a good agreement between the methods, al-

age measure of decay balances the average dissipative lo¥ugh peaks evident on 14 and 19 August 2006 in the flux

(Fig. 9a). divergence estimate are greater than those estimated by the
While at a specific time there is not a direct relation- Parameterization (Figl0). Note thatDp, was calculated

ship between wave energy and TKE dissipation (Fy. Uusing Eq. ©) with p’ calculated as defined byloum and

the average decay, and consequently the dissipative los&myth(2008 and assuming that all wave energy was dissi-

scales withEmax (Fig. 9b), so that larger waves lose en- pated within 40 km (established using the inshore bound of

ergy more rapidly than the smaller waves. A similar trend Wave tracking). The density field, upon whiéh andp’ de-

was noted byMacKinnon and Gregg2003 to the north of ~ Ppend, was created by mapping “nearby” (in time and space)

the present Study site. A simp|e linear regressiodﬁydl‘ ship-based profiles onto mooring-derived streamlines. Al-

0N Emax results in a decay rate = 24 x 10-6s~1 with an though D, is not directly applicable to other geographic re-

R?=0.88. Using the average wave speed (0.8)sthe  gions, the decay time and length scales of the waves may

decay rate is equivalent to a length scale of about 35 km and@rovide a useful comparison to NLIWs in other areas.
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6 Local energetic transformations 800 meterization, o
o = | - - —Flux Divergence, D 4
Imposed on the larger scale trends are short (both intimeand ' 5% -
space) episodes of rapidly evolving wave energetics. Here, EX 400
we present two examples of short-term energy exchange be- o
tween NLIWSs. The first example details interactions between 2 300
waves. These events are associated with an observed sudden 2
increase in energy of a leading wave, caused by the construc- £ 2004
tive interference of two or more individual waves, followed g
by an extreme drop in energy associated with loss to turbulent 1001 o
production, combined in one case with the “re-separation” of o A ‘,' ‘ ‘ ‘ ‘ .
the wave. As a second example, we detail the evolution of 08/01 08/06 08/11 08/16 08/21 08/26 08/31

one wave grouplsaag that encountered a small topographic

rise. In this case, an abrupt change in topography along withrig. 10. Estimates of average dissipative loss in the waves as calcu-
the onset of strong, opposing barotropic currents greatly aflated for the scaled fit (solid) and NLIW flux divergence (dashed).
fected wave structure, energy, and dissipation. In contrast to

Sect.5.2 in Sect6.1energy will be calculated for individual

waves, and in Sec6.2 energy will be calculated by integrat-

ing over a fixed distance. data images (120 images) surrounding the snapshots shown

in Fig. 11. Initially the northern packet had a heading of
approximately 299, and the southern packet maintained a
heading of about 3¥0 Around —20 km the two packets are

difficult to distinguish in the radar imagery and a combined

6.1 Wave interactions

The convergent region at the leading edge and the diver . ) . .
gent region at the trailing edge of surface-trapped, depres[1ead|ng of 300 is estimated for thg resultant interference
sion waves modulate the gravity wave field, creating alternatP2tterm- Unfortunately, past approximately —30 km the radar
ing bands of rough and smooth water and providing a me«’;1n§'gn""t_ure of the NITIWs de_tenorated rapidly. )

of remotely observing NLIWs. Remote imagery (efang Dunng.th_e proﬁllng period near —10 km, velocny data al-
et al, 2007, Fig. 2) and shipboard radar images from the low for m|n|m|zat!on of the aI.ong—vyave front_veloc!ty com-
SWO06 study site often show cusp-shaped interference patponent to determine wave erentatlon. Applymg this method
terns that are attributed to interactions between wave group¥ the two lead waves, we find that the first wave propagated
oriented at slightly different angles. Interactions may also oc-With @ heading closer to 29Cas compared to the second
cur between waves traveling in the same direction, if a trail-Wave’s heading of 300 While the difference is small, it is

ing wave is able to overtake those ahead. For example, if:learlly distinguishable in t_he velocity data; hqwever, inshore
a leading wave is of smaller amplitude than a trailing wave, Of this location, computation of a difference in wave orien-
weakly nonlinear (WNL) theory predicts that the waves will ta'tlon using velocity data is ambiguous, which is consistent
re-order by amplitude with the larger amplitude wave travel- With radar imagery.

ing faster than the smaller wave. If WNL, the waves will pass Beneath the surface, acoustic backscatter imagery pro-
through one another without change in form or wave speedyides a complimentary perspective of the group interaction
and the only evidence of the interaction is a change in phaséFig. 12a). In this sequence, the larger amplitude leading
of the two waves, i.e., the larger amplitude wave is advancedvave of the trailing group catches up to the leading wave of
slightly, while the smaller wave is impeded as the waves exthe first group, forming a very large amplitude (20 m)
change positionQrazin 1984. These data show that tur- wave at —=16.5km. In contrast to weakly-nonlinear theory,
bulent mixing is an important process in the observed in-which predicts that the waves should pass one another with
teractions; hence, the outcome predicted using WNL theoryonly a change in relative phase, the observed waves do not
(which does not account for instabilities in waves) is not ex- continue independently of one another. Perhaps surprisingly,
pected to hold for the observed large amplitude waves. Herethe large amplitude composite wave separates into two waves
we present evidence of interactions between multiple wavevith the smaller amplitude wave taking the lead. Inshore of

packets and between waves of the same group. —19 km, these two leading waves were seemingly linked and
continued through the shoaling process togettsrgyer
6.1.1 Group-group interactions et al, 2009.
An analysis of the evolving energetics is consistent with
The X-band radar imagery (Fidll) provides a clear il- the suggested interaction (Fit2c, blue diamonds). The to-

lustration of the intersection of two distinct wave packets. tal energy for the lead disturbance\Wwive Tonyat—12.5km
Wave directions (indicated by white arrows) were calculatedwas 1.5 MJ m® (T1), and the total energy in the second wave
by computing the average propagation angle over 1h from(T2) at this same location was 1.4 MJt The combination
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Fig. 11. Group-group interaction as depicted by a series of ship radar imag@éafer TonyaDistances along the wave path are indicated
above each figure. Wave vectors calculated from these images are shown in white. The wave group propagated onshore, i.e., from right tc

left. Radial distance is 5.6

km (3 nautical miles).
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Fig. 12. Sequence of acoustic backscatter transecta)diVave Tonyand(b) Wave Wyatshowing the hypothesized interactions. Transects

made during ship profiling periods are indicated in lower right of backscatter images; other transects were made as ship steamed through
waves in order to re-position ahead of the packet (refer to 8pdkc) E of the leading wave fofonya(solid blue) and\yatt(solid green).

E in the second waves (open diamonds) and the comtihefithe first and second waves (blue/cyan and green/yellow diamonds) are shown

at locations just prior to wave interactions. Wave labels are centered either above or below the corresponding markers. Bingaduth
Wyattwere profiled through at —16.5 km, at this location markers were shifted offshore/onshore by 0.5lomyf@Wyattfor visual clarity.

(T1+T2) equal to 2.9 MJI m* was approximately the same 6.1.2 Wave-wave interactions
as the leading (combined) wave energy (3.1 M3jmat —

16.5 km. After the intersection, approximately half of the en-
ergy (1.7 MJ nt1) was redistributed into two smaller waves
(T1’ and T2’). The remainder (1.4 MJ™) was lost to tur-
bulent dissipationp=340 W nt1, over 1.2 h.

Backscatter images faWave Wyattlso show evidence of a
wave interaction (Figl2b). However, unlikéTonya neither
radar imagery nor velocity data provide any evidence of dis-
parate orientations for the first and second waves that com-

bine to form the large amplitude wave at —21 km, indicating

Nonlin. Processes Geophys., 17, 3366 2010
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that these two waves were likely part of the same wave group. Wyatt, 22-Aug-2006 13:23:00-13:38:00
Modeled NLIW trains are known to establish packets that are 0 ‘ : ‘ :
rank ordered, larger amplitude waves traveling faster. The
amplitude of the second wave (W2) was greater than the
first (W1) at —16.5km (Figl2b, right panel), indicative of

a faster phase speed and possibly allowing the second wave
to overtake the first. Using backscatter transects from —16 to
—20km a difference in phase speed of 0.07thwas esti-
mated between the second and first wave, assuming that the
two waves collided near —19 km. Calculating the difference
in weakly nonlinear phase speed due solely to the differ-
ent amplitudes of W1 and W2 near —16 km, we find a pre-
dictedAc=0.1 ms1. Analysis of radar imagery in this same
range confirms the second wave traveled roughly 0.06'm s
faster than the first. However, a clear interaction between
the waves is not distinguishable using shipboard radar im-
ages due to a deterioration in the clarity of the fronts in the
backscatter return. The change in the backscatter signal may
have been linked to the interaction, which would blur the typ-
ical pattern of surface convergence-divergence through the
wave train thus affecting the character of the radar return sig-
nal.

The sum of the total energy of the first two waves
(W1+W2) at —16.5km was 3.8 MJm (green diamonds,
Fig. 12c), which was in agreement with the total energy
of the lead wave at —19.5km (3.5MJW). Continuing

this analysis to —22 km, we find that the sum of the energy 19.8 196 19.4 19.2
of the first two waves at —19.5km was 4.7 M3t this distance (km)

value agrees with the totdl of the lead wave at —22 km (d) 254 i ;

(4.9MJntl). Hence, we theorize the lead wave at —22 km :

is actually resultant from the combination of the first three E 30
waves (W1+W2+W3) near —16 km (Fi@g2b). The leading £
wave at —22 km loses almost all of the energy gained during o
this interaction to intense mixing-600 W nt1); and in con-
trast toWave Tonyathe combined wave never re-separated 40 SES Sl AR
into multiple waves. -19.6 '19-5d. ¢ -191{4 -19.3

The asymmetry in the leading wave at —21 km was pro- istance (km)
nounced; and the rear face was extremely steep, possiblig. 13. Structure ofWave Wyathear maximum amplitudga) In-
approaching the breaking limit. However, the breaking cri- verse Richardson NumbeRi1). White contours definRi~! =4.

terion defined byvlasenko and Huttef2002 was not met; (_b) Turbulent Dissipatiorl (I_og)e). (c) High resolution d_ensity pro-
hence kinematic instability was unlikely. On the contrary, flles (O(cm)) are overlaid in black on.the the acoustic backscatt.er
mage of lead wave. Overturns are evident through the latter portion

examination of the Richardson number criterion shows that . . )
. . . of the wave.(d) Zoom-in of white box shown in panel c.
the severe deformation of the lead wave past this point (on-

shore panel in Figl2b) may have been the result of shear

instability. The inverse Richardson number through the 'eaQeraction, strong mixing and backscatter billows were mea-

wave at —19.5km is shown in Fid3a, regions greater than  g\red throughout the interaction. We, therefore, suppose that
4 that support the development of shear instabilities are CONmixing was sustained throughout the interaction.

toured in white. The values were calculated using 1-m den-

sity and velocity bins. Figur&3b emphasizes the extremely 6.2 Wave over a bump

large values ¥ 10~4m2s3) of ¢ observed during this time

period. High resolution®@(cm)) density profiles, reveal the Significant energy transformation was also observed when
existence of density overturns (Fig3c) with an average one wave group encountered a localized, but steep topo-
Lt~ 1.3 m and maximum £~ 2.5m through the latter por-  graphic rise (apparent in Fi§d near —45 km).Wave Isaac
tion of the wave. Note that although the wave shown inwas first observed on 10 August 2006 08:50 UTC, as the
Fig. 13 was measured at an early stage of the proposed inleading wave began to overtake a second wave gidalby.
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Fig. 14. Acoustic backscatter sequenceVdhve Isaa@s it encountered a topographic bump. Grey patches to the left of backscatter panels
show background velocity profiles ahead of the wave. Top inset panel shows the the observed wave speed (solid black line), linear wave
speed (dashed black line), and the depth averagg @drey dashed line). Positive values are directed offshore. The triangle at top indicates

the time of peak tidal elevatiomg. The middle inset shows the total energy integrated over 750 m from the leading edge of the first wave,
and the bottom inset shows the total dissipative loss integrated over the same distance. The bottom topography is shown in the lower panel.

Initially, Isaac was observed to travel at —0.8 miswith proached the bump the tidal amplitudg, was near a peak,
average amplitude of -8 m, as compared to a speed oforresponding to a shift from onshore to offshore barotropic
—0.65ms ! and amplitude near —4 m fatolly. Unlike the  tidal velocity. During this time, the background velocity,
example of the group-group interaction discussed above forg, switched from having an onshore velocity component at
Tonya Holly andlsaacseemed to propagate independent of depth to being directed offshore at all depths, and the ob-
one another. The difference may be attributed to either theserved onshore wave speed slowed to —0.3%(spper in-
relatively weak nature dfiolly or to the large differences in  set, Fig.14). In order to estimate the role of bottom shoal-
wave headinglsaacpropagated with a heading of 3¥1@nd  ing in the reduction of the shoreward linear wave speed,
Holly maintained a heading of 335esulting in a difference  ¢p was calculated using the Taylor-Goldstein equation for
of 25°. Due to the character of the two wave groups, the shipboth i) a quiescent fluid and ii) the fully stratified, sheared
abandonedHolly in favor of following the more energetic, background. For case i), the linear wave speed decreased

Isaac by roughly 10% between the base of the bump and at its
At 10 August 2006 12:00 UTC, the leading wavelsdac ~ peak. For case i) decreased by 0.44 m during shoal-
encountered a topographic bump in 60 m of water (E#). ing. This change agrees well with the increase in the offshore

The bump had a steepness of 70~3, with a rise of 20m  barotropic velocity of 0.39 ms" observed over this time pe-
over a 3-km distance. This value can be compared to a meariod. Comparison between the two cases emphasizes the im-
slope of 5x 10~4 across most of the shelf. Asaac ap- portance of advection in this example.
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The increase in the depth-averagegican be attributed tween 16—22 August 2006. This time-period was not related
to two factors. First, as mentioned above the barotropic tidako the local, barotropic tide, but instead corresponded to a pe-
velocities were moving toward peak offshore amplitudes dur-riod of increased internal tide energetidé&agh et al.2010.
ing the observed time period. The maximum tidal heightwas The cross-shelf evolution of waves was tracked using ship-
achieved at the time tha$sacwas located at the black tri- board data, which in some cases documented an individ-
angle in the upper inset of Fid4. Over the duration of ual wave’s evolution over 50 km across the shelf. Spatially,
the wave’s transit, offshore tidal velocities continued to in- the leading three waves in a packet were observed to grow
crease. Second, mass conservation requires an increaseimenergy across the outer shelf, after which energy decay
the barotropic velocity as the water column height decreasewas approximately balanced by dissipative loss. Growth is
over the top of the bump. This second effect, results in anconsistent with development of the wave packet from the
cross-shore gradient ip, which we theorize contributed to internal tidal bore; however, other controlling factors such
the structural and energetic evolution with an effect similaras variations in the background stratification and velocity
to that explored bylasenko and Stashchy{R006. At any need further exploration. The total, average dissipative loss
given time, the leading wave, which was always in the shal-over the region of decay scaled with the peak energy in the
lowest water, encountered the strongest valuegpénd as  waves. The resultant decay time scale is estimated as ap-
a result the wave was arrested as it approached the cregtroximately 12 h, corresponding to a length scale of 35km
However, even in a quiescent fluid this topographic feature(100 wavelengths).
would influence the form of the wave. Indeed, the final two  Short-term, rapid energy exchanges occurred as a result of
backscatter images show a broadening of the leading wave'wave interactions and the impingement of a wave group on
front face, an anticipated artifact of shoaling. a small topographic bump. In both cases, the outcome was

The total energy integrated over a distance of 750 m froma significant, rapid energy loss to turbulent mixing. In the
the leading edge of the first wave more than doubled asase of the interactions, the importance of turbulent mixing
the waves appeared to “pile-up” on the bump (middle inset,and the resultant wave structure suggest that WNL theories
Fig. 14). (The integration limit was set by the minimum tran- or those neglecting mixing may not be adequate to predict
sect distance during this time.) The increase in energy in thavave evolution. In these specific examples, the use of nu-
wave may in part be explained by the interaction of the mearmerical modeling may help shed further light on controlling
flow and the waves, as wave amplification is an expecteddynamics.
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