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ABSTRACT: Broadly distributed measurements of velocity, density, and turbulence spanning the inner shelf off central

California indicate that (i) the average shoreward-directed internal tide energy flux hFEi decreases to near 0 at the 25-m

isobath; (ii) the vertically integrated turbulence dissipation rate hDi is approximately equal to the flux divergence of internal

tide energy ›xhFEi; (iii) the ratio of turbulence energy dissipation in the interior relative to the bottom boundary layer

(BBL) decreases toward shallow waters; (iv) going inshore, hFEi becomes decorrelated with the incoming internal wave

energy flux; and (v) hFEi becomes increasingly correlated with stratification toward shallower water.

SIGNIFICANCE STATEMENT: In addition to the well-known surface tide, there exists a tidal wave in the ocean’s

interior. This internal tide is considered important to ocean mixing and may propagate thousands of kilometers to its

demise on continental shelves, where it ultimately breaks down through a hierarchy of complicated fluid dynamics. Now,

with the aid of new sensors massively deployed over California’s continental shelf, we have been able to determine that

the energy lost to the shoaling internal tide goes almost completely to turbulence and is extinguished by the time it

reaches the 25-m isobath. A surprising finding is that inshore of 50-mwater depth the internal tide entirely loses memory

of its initial strength.

KEYWORDS: Ocean; Continental shelf/slope; Coastal flows; Energy transport; Internal waves; Turbulence; Wave breaking

1. Introduction

The inner continental shelf is the region between surf zone

and midcontinental shelf where surface and bottom boundary

layers (BBL) converge or even overlap (Lentz 1994). Here,

cross-shore winds contribute to transport across the inner shelf

(Fewings et al. 2008), which over the mid shelf is driven by

alongshore winds due to Ekman dynamics. Another, and pre-

viously uninvestigated, distinguishing feature of the inner shelf

is as the region where the internal tide loses almost all of its

energy. This latter aspect is our focus here and leads to a new

distinction of the inner shelf’s role as the surf zone for the in-

ternal tide (Becherer et al. 2021, hereafter Part II). This in-

ternal surf zone, in which the internal tide exists in a saturated

state confined by the water depth, has features analogous to the

surf zone for surface gravity waves (Thornton and Guza 1983;

Battjes 1988).

The internal tide, generated either locally (Sharples et al.

2001; Duda and Rainville 2008; Kang and Fringer 2010) or at

remote locations with long propagation path (Nash et al. 2012;

Kumar et al. 2019), transmits a significant amount of energy

onto the inner shelf (Moum et al. 2007b; Kang and Fringer

2012). Here that energy is dissipated by turbulence yielding

diapycnal mixing and consequently watermass transformation.

Over the inner shelf the internal tide plays a vital role in driving

cross shelf transport of energy (Moumet al. 2007a),mass (Shroyer

et al. 2010b), heat (Gough et al. 2020), nutrients (Sandstrom and

Elliott 1984; Sharples et al. 2007), sediment (Butman et al. 2006;

Pomar et al. 2012; Boegman and Stastna 2019; Becherer et al.

2020), and biomass (Scotti and Pineda 2007).

Understanding the cascade from low-frequency internal tide

energy, that can originatemany tens to thousands of kilometers

away, including high-frequency nonlinear internal waves to

small-scale turbulence and eventually mixing on the shelf has

been the focus of several past studies (Helfrich andMelville 2006).

These include idealized theoretical (e.g., Holloway et al. 1999;

Grimshaw et al. 2004) and/or numerical studies (e.g., Vlasenko

and Hutter 2002; Kang and Fringer 2010; Venayagamoorthy and

Fringer 2007; Lamb 2014) as well as observations (e.g., Sherwin

1988; Sharples et al. 2001;Moum et al. 2007a; Shroyer et al. 2010a;

Colosi et al. 2018).

The transformation from large-scale internal tide energy to

small-scale dissipation andmixing on the shelf occurs through a

hierarchy of mechanisms. As the internal tide approaches

shallower waters it becomes increasingly nonlinear resulting in

sharp bore fronts and/or the generation of higher-frequency

wave trains (Henyey and Hoering 1997; Holloway et al. 2001;

Apel 2003; Grimshaw et al. 2004; Scotti et al. 2008). These can

generate turbulence due to bottom friction (Bogucki and

Redekopp 1999; Stastna and Lamb 2002; Diamessis and

Redekopp 2006; Allen et al. 2018; Becherer et al. 2020), strong

interfacial shear (Bogucki and Garrett 1993; Sandstrom and

Oakey 1995; Moum et al. 2003; Lamb and Farmer 2011), and
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more complicated breakingmechanisms (Vlasenko andHutter

2002; Boegman and Ivey 2009; Aghsaee et al. 2010; Lamb 2014;

Arthur and Fringer 2014). While understanding the mechanics

of this hierarchy of processes is critical to the dissipation of the

internal tide as it propagates onshore, we are interested here in

the net sum of these mechanisms and consider the internal tide

energy dissipation from a depth- and time-averaged perspec-

tive. In particular, we address the questions of where and how

the energy of the incoming internal tide is distributed both ver-

tically and horizontally over the inner shelf and how this varies

according to governing environmental conditions. Leaving aside

the details, we consider the onshore energy flux and turbulence

dissipation (both in the interior and at the seafloor) to be due

completely to the internal tide. We then compare measurements

of onshore divergence of this flux to the measured turbulence

dissipation. To this end we use an extensive dataset collected

during a large 2-month-long experiment off the California coast

(Lerczak et al. 2019; Kumar et al. 2021) including broadly

distributed turbulence measurements from moored xpods

(Moum and Nash 2009) and an array of .70 newly developed

miniaturized turbulence measurement devices, termed GusT

(Becherer et al. 2020), deployed on moorings and seafloor

landers across and along the inner shelf (section 2).

In section 3c we show how the vertical distribution of tur-

bulence changes across the shelf with increasing importance of

BBL turbulence toward shallower waters. We find that the

turbulence dissipation we measured on the shelf is roughly

equal to the flux divergence of the internal tide (section 3b).

The high correlation between incoming and local internal tide

energy flux in deeper waters diminishes to near 0 in shallow

waters. On the other hand, stratification is uncorrelated with

internal tide energy flux in deeper waters but becomes in-

creasingly correlated toward shallower waters (section 3d).

While these correlations have been observed in previous

studies (Colosi et al. 2018; Shroyer et al. 2011; Sharples and

Zeldis 2019), dynamical explanation was not provided. In Part

II, we use these observations to help in developing a parame-

terization for the cross-shelf dependence of the energy in the

internal tide and then test this against a representative en-

semble of published datasets.

2. Experiment

a. Study site

The data discussed in this manuscript originate from an ex-

periment conducted off the coast of California off Point Sal in

late summer/early fall of 2017 (Lerczak et al. 2019; Kumar et al.

2021). The study site is 50 km north of Point Conception, where

cool waters from the California Current meet the warm waters

from the Santa Barbara Channel.

Measurements at this site show the variability of near-coast

temperature in different frequency bands (Feddersen et al.

2020). Subtidal variability is due to wind forcing and the as-

sociated up- and downwelling (Walter et al. 2017). During wind

relaxations a plume of warm water from the Santa Barbara

channel can travel up the coast to significantly change the

temperature and stratification in the region (Washburn et al.

2011; Suanda et al. 2016). In the tidal band most variability is

connected with the shoaling internal tide (Suanda et al. 2017;

Colosi et al. 2018; McSweeney et al. 2020b). Strong tidal bores

irregularly appear every 6–12 h, potentially indicating two or

more local and/or nonlocal generation sites (McSweeney et al.

2020b). Here the continental shelf slope remains subcritical up

to 100 km off the coast, which suggests an elevated importance

of nonlocal internal tide generation (Kumar et al. 2019). In deep

waters (H . 40m) the internal tide appears coherent over tens

of kilometers along the coast, but with decreasing coherence

length scale toward shallowing depths (McSweeney et al. 2020a).

b. Field campaign

From September to November 2017 a large field campaign,

the Inner Shelf Dynamics Experiment (ISDE), was conducted

off Point Sal (Lerczak et al. 2019; Kumar et al. 2021). This

experiment included more than 100 moorings deployed be-

tween 9 and 150m of water depth (Lerczak et al. 2019;

McSweeney et al. 2020a,b; Feddersen et al. 2020) as shown in

Fig. 1, ship-based observations from three large vessels and

FIG. 1. Map of study site. Over 30 moorings were deployed at

water depths deeper than 20m during the ISDE, 17 of which pro-

vide a complete (or nearly complete) 2-month record in both

temperature and velocity. These 17 moorings are grouped ac-

cording to their depths into four categories (100, 50, 40, and

,35m). Based on their latitude we further distinguish three groups

of moorings: north (blue), center (purple), and south (green).

Mooring names are listed to the right of themap, where the number

in the name indicates the deployment depth. The black contours on

the map show 150-, 50-, 40-, 30-, and 20-m isobaths. The white

contour marks the 100-m isobath, which is used as the zero refer-

ence for the x coordinate in this manuscript.
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four small boats, several drifter deployments (Spydell et al.

2019), four land-based and two ship-based X-band radars

(Haller et al. 2019; E. Terrill et al. 2021, unpublished man-

uscript; Celona et al. 2021), airborne (Lenain et al. 2019) and

satellite observations, and numerical modeling (Suanda

et al. 2017; Kumar et al. 2019).

c. Mooring setup

During the two-month deployment, density was clearly

dominated by temperature, such that salinity variations can be

ignored (McSweeney et al. 2020b). Here, density was deter-

mined from moored temperature measurements alone (1–2-m

spacing). Collocated with these temperature moorings were

landers equipped with acoustic Doppler current meters

(ADCPs) that provide full-depth velocity profiles. For de-

tails on the mooring setup see Lerczak et al. (2019) and

McSweeney et al. (2020b). In this study we use only data

from moorings deployed in water depths $ 25m (Fig. 1;

Table 1). Farther inshore surface wave contamination did

not allow for reliable turbulence measurements.

d. Turbulence measurements

1) GUST: A NEW TURBULENCE MEASUREMENT DEVICE

A new, small, lightweight, low power turbulence measure-

ment device was conceived specifically for the ISDE. The ob-

jective was to provide a component that might be suitable for

deployment on a range of platforms, including moorings and

towed bodies. TermedGusT and pronounced ‘‘gusty,’’ this was

developed through laboratory, wave tank, and field measure-

ments, and 80 units were built for the experiment. They sample

all signals continuously for up to 45 days at 100Hz.

The GusT is equipped with a compass, a pressure sensor,

three-component accelerometers, a fast-response thermistor

(FP07) and a pitot-static tube. The pitot-static tube measures

mean speed as well as velocity fluctuations, from which is

inferred turbulent dissipation rates «p (Moum 2015; Becherer

and Moum 2017; Becherer et al. 2020). In addition, we use the

fast thermistor to estimate x, the temperature variance dissi-

pation rate, and from x indirectly the turbulent kinetic energy

dissipation rate «x (Moum and Nash 2009; Becherer and

Moum 2017).

The measurements from the fast thermistor and the pitot-

static tube provide independent estimates of «. In practice,

these two estimates complement each other. In the well-mixed

near-bottom region stratification is too small to estimate «x
reliably, but the near-bottom landers provide a very stable

platform for GusTs from which to estimate «p from pitot-static

tubes (Becherer et al. 2020). On the other hand, motion con-

tamination causes problems with pitot-tube estimates on

mooring lines, but sufficient stratification in the interior allows

for thermistor-based estimates of «x.

GusTs were deployed on a number of platforms during the

experiment. While the majority of GusTs (.70) were on

TABLE 1. Mooring table. The last column shows the mounting height (m above bottom) of all GusTs and xpods. Entries in parentheses

correspond to xpods. In contrast to GusTs, xpods have two different FP07 sensors, which are both listed here.Moorings marked by * have

been redeployed at the beginning of October 2017 with a refurbished set of turbulence sensors.

Mooring Water depth (m) Lon (8) Lat (8) (xpods), T-chain GusTs (m above bottom)

MS100 100 2120.79 34.94 85.0–75.0–64.0–(49.5–48.5)–28.0

* 82.5–77.5–72.5–63.0–62.0–(47.5–46.5)–28.0–13.0

OC-Array

OC50 50 2120.72 35.00 37.5–30.0–26.5–21.5–16.5

* 36.5–30.0–26.0–21.5–16.0

OC40N 40 2120.70 35.01 25.5–17.0–10.5–4.5

* 25.5–17.0–4.5

OC40S 40 2120.70 34.99 25.0–20.0–15.0–10.0–5.0

* 25.0–20.0–15.0–10.0–5.0

OC25NA 25 2120.66 35.02 9.5

*

OC25SA 25 2120.68 34.97 13.0–5.0–3.0

PS-Array

PS50 50 2120.73 34.92 (5.5–4.5)

PS40N 40 2120.71 34.94 (6.0–5.0)

PS40M 40 2120.71 34.92 (6.0–5.0)

PS30M 27 2120.69 34.92 6.5

PS30S 30 2120.69 34.91 4.0

VB-Array

VB50N 50 2120.72 34.86 5.5

VB50S 50 2120.71 34.83 37.5–27.5

VB30N 30 2120.69 34.87 3.0

VB30S 30 2120.67 34.83 15.0–10.0

NRL-Array

NRLS50 50 2120.69 34.78 —

NRLN50 50 2120.73 34.96 —
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moored T-chains and bottom landers, we also used GusTs on a

tow-yo CTD, an instrumented bow chain, and a towed plat-

form with CTD (Kumar et al. 2021).

2) WATER COLUMN TURBULENCE

Our estimate of vertically integrated energy dissipated in the

water column includes contributions from the interior (Dint)

and from the BBL (Dbbl).

Mid-water-column turbulence data used for this analysis

comes from 601GusTs and six xpods (Moum and Nash 2009)

deployed on moorings across the array. Table 1 lists all

moorings with mounting depths for GusTs/xpods used in this

paper. Note that no GusT was mounted closer than 12m to the

surface, a restriction determined by the depth of the principal

buoyancy element (10m) for each mooring.

From mid-water-column dissipation measurements using

the method based on fast thermistors (Moum and Nash 2009;

Becherer and Moum 2017), the depth-integrated dissipation

rate from nGusTs/xpods at each mooring (excluding GusTs in

the BBL) is

D
int

5 r
0
(H2 h

bbl
)
1

n
�
n

i51
«ix (Wm22) (1)

r0 5 1025 kgm23 is a reference density, H the total water

depth, and hbbl the BBL height. Note that due to our sparse

measurements we decided to use a simple unweighted instru-

ment average in (1). While this approach could potentially

yield local biases, our hope is that Dint still provides a good

representation of shelf-wide averages.

3) BOTTOM BOUNDARY LAYER DISSIPATION

Not all GusT deployments on landers provided a sufficiently

long (at least 1 month) turbulence record for the array-wide

analysis intended in this manuscript. Where and when GusT es-

timates of « were not available, we follow Becherer et al. (2020)

who showed that on time scales longer than 5min, GusT’s pitot-

static tube estimates of «p are consistent with log-layer scaling

«
bbl

5
u3

*
kz

(W kg21) , (2)

where friction velocity is u*, von Kármán’s constant k 5 0.4,

and the distance to the bed z. The friction velocity is estimated

through a quadratic drag law from the speed measured at the

lowermost bin of the lander-mounted ADCP, u2

*5Cdu
2. This

yields estimates of «bbl from.15 bottom lander-mountedADCPs

with complete (experiment long) datasets thus adding indirect

estimates to our array-wide turbulence analysis (Table 1).

The depth-dependent drag coefficient Cd is inferred

from a best fit of (2) to direct turbulence measurements from

the GusT, «p, mounted on the lander at OC50 (Fig. 2) that

provides the longest continuous record of «p (Becherer et al.

2020). For different ADCPs the lower most bin is at dif-

ferent heights ranging from 1.5 to 6.5 m above the bottom.

Therefore we cannot use the same drag coefficient in (2) at all

locations. Rather we assume a constant roughness length pa-

rameter z0 5 1.2 3 1023m (Becherer et al. 2020) that is then

used to estimate the depth-dependent drag coefficient,

C
d
(z)5 k2 ln22

�
z

z
0

�
. (3)

Equivalently, we could have rescaled the velocity to a nominal

height above the seafloor and applied a fixed drag coefficient,

as is done in bulk flux estimates in the marine boundary layer

(Fairall et al. 2003).

To calculate the energy dissipated vertically throughout the

BBL (Dbbl) we integrate (2) over the log layer, which roughly

spans z 5 20z0 – hbbl (Hinze 1975),

D
bbl

5
r
0
u3

*
k

ðhbbl
20z0

1

z
dz

zfflfflfflfflffl}|fflfflfflfflffl{Ibbl

(Wm22) . (4)

The integral Ibbl ranges from 3.75 to 6 for hbbl 5 1–10m. Since

we do not typically have a goodmeasure of hbbl we assume here

that it has a value of 5m and make Ibbl 5 5, with a corre-

sponding 6 30% uncertainty in Dbbl. Note, that we ignore

stratification in (4), which is accounted for by a modified log-

layer scaling (Perlin et al. 2005), which leads to a correction

that increases Dbbl by ,30%, within the margin of error as-

sociated with our uncertainty in hbbl. For simplicity, we use the

unstratified log-layer scaling (2).

Combining the water column (1) and BBL measure (4)

yields the full water column depth-integrated dissipation rate,

D5D
int

1D
bbl

. (5)

3. Results

a. Different internal responses to the shoaling internal tide

McSweeney et al. (2020b) demonstrated that most of the

variability in temperature and velocity at our site is connected

FIG. 2. Comparison between dissipation rates of BBL scaling

using (2) from ADCP bins at different depth, «bbl, and direct

measurements from the pitot-static tube, «p, at OC50. Note thatCd

is different for every depth following (3).
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to internal tide forcing during the observation period from Sep

to Nov 2017. This is consistent with a pilot study conducted 2

years earlier at the same site (Colosi et al. 2018).

In our record, internal tides are prominently visible at all

mooring sites deeper than 20-m water depth. To illustrate this

we examine the conditions at four moorings in different water

depths during two brief periods representing different internal

tide energy levels and stratification (Fig. 3). The first period

represents weak to moderate internal tide energy levels with

strong vertical stratification (blue box, P1, in Fig. 3a), and the

second, strong internal-tidal forcing with weak to moderate

stratification (orange box, P2).

During both P1 and P2 the internal tide is seen as large

isopycnal displacements of tens of meters at intervals between

6 and 12 h (see also McSweeney et al. 2020b). The onshore

velocity and isopycnal displacement show a clear mode one

structure (Figs. 4, 5).

The amplitudes of both isopycnal displacements and veloc-

ities were smaller during P1 than P2, when displacements at

OC50 and OC40 exceeded 75% of the water column

(Fig. 5b,c). AtMS100 andOC50, velocity amplitudes exceeded

0.3m s21 during P2, compared to values , 0.2m s21 during P1

(cf. Figs. 4a,b and 5a,b).

In the mid–water column we observed many episodic events

with dissipation rates up to «x 5 1026m2 s21, shortly after or

during large isopycnal displacements by the internal tide

(Figs. 4, 5). These values are several orders of magnitude larger

than typical values in the absence of tidally forced isopycnal

displacements. The «bbl is controlled by near bottom currents,

peak values of which typically occurred as part of a mode one

vertical expression of steep internal tidal fronts (in the form of

internal bores, e.g., 1000 UTC 8 October; Fig. 5a).

Profiles of h«i averaged in time over P1 and P2 are shown in

Figs. 4 and 5e–h. BBL values of dissipation h«bbli were gener-

ally an order of magnitude larger than in the interior h«xi.
Throughout the water column, values of h«i were significantly

greater during P2 than P1 Fig. 4e–h, associating stronger in-

ternal tidal forcing with greater turbulence energy losses.

b. Shelf-wide energy flux and dissipation

The examples in Figs. 4, 5 suggest that turbulence over the

inner shelf is strongly linked to internal tidal forcing. To study

this connection quantitatively we start with a depth-integrated

energy balance

›
t
E5= � (F

E
1Fnl

E )2D1 source (6)

where ›tE is the rate of change of the depth-integrated internal

wave energy, and = � (FE 1Fnl
E ) the divergence of the linear

(FE) and nonlinear (Fnl
E ) components of the flux and the last

term represents other possible sources and sinks.

We estimate FE at all mooring sites (see Fig. 1) with com-

plete records of both temperature and velocity for the entirety

of the 2-month deployment. The FE is estimated following

Nash et al. (2005)

F
E
5

ðH
0

u0p0 dz (7)

where u0 5 u2 hui2u1 hui and p0 5ps 1 g
Ð H

z
r0 d~z with h�i

representing a 36-h low-pass filter and � the vertical mean. The

surface pressure ps was calculated indirectly with the conditionÐ
p0 dz5 0. The density perturbation is r0 5 r2 hri.
For individual high-frequency nonlinear internal waves

Moum et al. (2007b) showed that Fnl
E is of the same order as FE.

However, Nash et al. (2012) showed that nonlinear fluxes are

typically much smaller than the linear flux for the low-

frequency component of the internal tide. In a tidally aver-

aged sense, our estimates of hFnl
E i are typically one order of

magnitude smaller than hFEi with variable sign (not shown).

We proceed by neglecting Fnl
E .

While FE fluctuates on short time scales (Fig. 6), hFEi is con-
sistently positive (shoreward directed) at all mooring sites.

Figure 7a shows values averaged over the entire length of the

experiment (2 month), hFEiex, at each mooring location as a

function of cross-shelf distance x, where the x axis corresponds to

distance from the 100-m isobath, with x increasing shoreward.

FIG. 3. Stratification and internal tidal energy flux conditions during the ISDE. (a) hN2i at OC50; water column

maximum (solid) and mean (dashed line). (b) Incoming baroclinic energy flux hF in
E i, defined as the value of hFEi

[Eq. (7)] estimated at MS100. (c) Vertical profile of hN2i at OC50 averaged over the two periods marked as P1 and

P2 in (a), where dashed lines indicate the depth means. The highlighted periods in (a) N21, N22 correspond to

dashed and dotted lines in Figs. 7c,d.
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From MS100 (x 5 0 km) to OC25NA (x ’ 13 km) hFEiex
decreases by almost two orders of magnitude from more

than 100 to about 3Wm21 (Fig. 7a). This indicates that a

major fraction of the internal tide energy is lost between the

100- and the 25-m isobath. An exponential fit with the

general form y5 exp(ax2 1bx1 c) matches the values in

Fig. 7a (black line).

The slope of the fitted line in Fig. 7a represents the cross-

shelf component of the flux divergence of the internal tide

(h›xFEiex, black line in Fig. 7b). A comparison of h›xFEiex
(black) and hDiex (symbols 1 corresponding fit in red) in

Fig. 7b suggest that a large fraction of the dissipation we

measure can be accounted for by the flux divergence of the

internal tide. Indirectly, this also suggests that our measure-

ments capture most of the energy dissipation over the shelf and

that the rate of change term in (6) is relatively small. Depth-

integrated and time-averaged dissipation rates, hDiex, range
from about 0.01Wm22 at deep sites to about 0.002Wm22 in

shallow water. Cross-shelf peak values of hDiex cluster near the
50-m isobath (Fig. 7b).

c. Relative importance of Dint and Dbbl

At all locations, dissipation in the BBL exceeds dissipa-

tion in the interior. The ratio hDintiex/hDbbliex generally de-

creases with decreasing water depth (Fig. 8). At MS100

hDintiex/hDbbliex’ 0:45, and decreases inshore. At OC25NA

roughly 5% of hDiex occurs in the interior.

This is largely consistent with previous studies that found that

BBL dynamics play a leading role in dissipating internal tidal

energy on the shelf (Inall et al. 2000; Rippeth and Inall 2002).

It is important to note here that all of our dissipation mea-

surements are deeper than 12m (see Table 1), which excludes

the contributions from the upper water column. In the sense

that this reduces the compounding influence of surface forcing,

this might be considered a positive effect in isolating the in-

fluence of the internal tide.

d. Dependence on environmental conditions

Figure 7d illustrates that both the magnitudes and cross-

shelf slopes of h›xFEi (black) and hDi are variable. During

FIG. 4. Dissipation of the internal tide between the 25-m and 100-m isobaths. (a)–(d) Cross-shore velocity [red (blue) colors on- (off)-

shore directed] during period P1 (see Fig. 3a) at four isobaths in the same general area; temperature is represented by gray contours 10–

208C at 18 increments; the black line indicates the pycnocline (N2
max); purple dots show the magnitude of «x measured in the interior with

GusTs and xpods, scaled according to the legend atop (a); and the purple/white line is «bbl, obtained from BBL scaling of near-bottom

ADCP bins. (e)–(h) Time-averaged h«i profiles for P1 (blue) and P2 (gray), respectively. To show the evolution of the internal tide over

the inner shelf, we mark two arbitrary wave events, E1 and E2, with green overbars at each mooring site. These two examples are

portrayed in spatial domain in Figs. 1a and 1b of Part II.
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periods of strong shelf stratification (N21 in Fig. 3a) the slope

of hFEiwas relatively small such that a significant portion of the

energy of the internal tide is fluxed to shallower sites (dashed

line Figs. 7c,d). On the other hand during weak stratification

(N22 in Fig. 3a), hFEi decreased more steeply toward shore

and almost all energy is lost offshore of the 25-m isobath

(dotted line Figs. 7c,d).

To study how hFEi changes due to environmental conditions

we first look at the incoming tidal energy. The internal tide is

generated at the shelf break and/or at remote locations by

extracting energy from the barotropic tide. Nash et al. (2012)

demonstrated that remotely generated tides can have a sub-

stantial influence on the shoreward baroclinic energy flux, both

due to direct contribution as well as indirect interference with

the locally generated tide. This influence can even yield situ-

ations where the onshore baroclinic energy flux is entirely out

of synchronization with the neap–spring cycle. From a model

study of the study site, Kumar et al. (2019) showed that gen-

eration sitesO(100) km away are likely more important for the

internal tide signal than local shelf break generation.

To test the dependence of the distribution of hFEi across the
inner shelf on the incoming internal-tidal energy levels, we use

the baroclinic energy flux measured at MS100 as a reference

and define it as the incoming flux hF in
E i. In Fig. 9a we show the

correlation between hFEi and hF in
E i. The correlation decreases

toward shore, tending to 0 at the shallowest sites. This is a

surprising finding, implying that internal tide energy in shallow

waters is unrelated to the incoming flux hF in
E i. Apparently the

internal tide loses memory of its generation as it shoals.

FIG. 5. As in Fig. 4, but for period P2 (see Fig. 3a). In (e)–(h) time-averaged h«i profiles for P2 are in red, and corresponding values for P1

are given in gray as reference. Green marks in (a)–(d) correspond to event E3 illustrated in Fig. 1c of Part II.

FIG. 6. Onshore component of the depth-integrated internal

wave energy flux at mooring OC50. Instantaneous flux FE (blue),

calculated with (7), 36-h moving average hFEi (black), and exper-

iment long average hFEiex (red dashed). The filter length (36 h) for

hFEi is indicated in the middle of the panel.
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The correlation between mean shelf stratification hN2i and
hFEi has an opposite cross-shelf behavior (Fig. 9b). At deep

sites the correlation is weak to nonexistent (at MS100 r2 ’ 0).

The correlation increases shoreward to r2 ’ 0.8 at OC25SA.

This suggests that stratification controls howmuch internal tide

energy can be transported across the inner shelf. When strati-

fication is weak the internal tide dissipates more of its energy

farther offshore; under stronger stratification a greater portion

of energy reaches the shallowest sites.

To better understand this surprising dependence, we intro-

duce the concept of a saturated internal tide in Part II, and then

determine how well this concept explains the dependencies

noted above.

4. Conclusions

From a unique dataset with broadly distributed velocity,

density and, notably, turbulence measurements spanning the

inner continental shelf off central California, we make several

key observations related to the evolution of the internal tide as

it progresses shoreward:

d the shoreward-directed energy fluxed by the internal tide

hFEi decreases from near 100Wm21 at the 100-m isobath to

near 0 at 25m (Fig. 7);

d the vertically integrated turbulence dissipation rate hDi is

approximately equal to the divergence of the flux of internal

tide energy ›xhFEi (Fig. 7b);

FIG. 7. (a) Onshore component of baroclinic energy flux averaged over the entire deployment period hFEiex at
eachmooring. The black line shows a best fit of the form y5 exp (ax21 bx1 c). (b) hDiex (symbols and best fit, red

line) and h›xFEiex [black line as estimated from the fit in (a)]. (c) Comparison of best fits as in (a) for the entire

deployment period (solid), a strong (dashed, N21) and a weak (dotted, N22) stratification period corresponding to

gray shaded times in Fig. 3a. (d) Fits as in (b) contrasting the entire deployment (solid) to N21 (dashed) and N22
(dotted), respectively. The x axis is distance from the 100-m isobath (white line in Fig. 1), with x increasing toward

shore. Shaded areas in (a), (b), and (c) correspond to 68% confidence intervals for the respective fit.

FIG. 8. Ratio of hDintiex to hDbbliex as a function of total water

depth H. Note that only moorings are considered here that had at

least two GusTs mounted at different depths (see Table 1).
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d the rate of turbulence energy dissipated in the interior

relative to that in BBL (hDinti/hDbbli) decreases toward

shallow waters (Fig. 8);
d toward shallow water, hFEi becomes decorrelated with the

incoming energy flux (hF in
E i) measured at the 100-m isobath

(Fig. 9a). That is, the internal tide loses memory of its initial

strength as it shoals; and
d while hFEi is uncorrelated with hN2i at the 100-m isobath,

these become increasingly correlated toward shallower wa-

ter (Fig. 9b).

Our broad brush approach to assessing the energy flux and

dissipation of the internal tide sets aside the details of bore

steepening, solitary wave fission, breaking, among many

others. It also may include energy and dissipation that is in-

correctly assigned to the internal tide. It resolves neither the

complete onshore evolution nor the along-shelf variations. Yet

it provides a consistent and intriguing correspondence between

›xhFEi and hDi. In Part II, we expand on this result to develop a
simple parameterization for the cross-shelf dependencies of

hFEi and ›xhFEi, as well as available potential energy. Testing

this parameterization against a range of published datasets

suggests broad applicability and that the simplifying assump-

tions we have made in this analysis cannot be far wrong.
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