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Abstract The layered structure of stratification and mixing on the New England Shelf (NES) in summer is
examined by analyzing a comprehensive set of observations of hydrography, currents and turbulence. A
clear distinction in mixing characteristics between the midcolumn water (consisting of subsurface stratifica-
tion, middepth weak stratification and lower-layer stratification) and a well-mixed bottom boundary layer
(BBL) is revealed. The combination of subtidal Ekman onshore bottom transport and cross-shore density
gradient created a lower-layer stratification that inhibited the upward extension of the BBL turbulence. The
BBL mixing was related to strong shear generated by bottom stress, and the magnitude and periodic varia-
tion of BBL mixing was determined by both the tidal and subtidal flows. Mixing in the midcolumn water
occurred under stably stratified conditions and showed correspondence with the occurrence of near-inertial
and semidiurnal internal waves. Positive correlations between buoyancy frequency squared (N and shear
variance (5?), §? and dissipation rate (¢), N° and ¢ are established in the midcolumn, but not in the BBL. The
midcolumn ¢ was reasonably described by a slightly modified MacKinnon-Gregg (MG) model.

1. Introduction

Turbulent mixing in shelf seas plays a crucial role in determining circulation as well as the distribution of heat, salt,
nutrients, sediments and pollutants [Sharples et al., 2001; Carter et al., 2005]. The structure of the shelf water col-
umn is governed by the balance between heating at surface and mixing generated by tidal flow and surface wind
[Simpson and Hunter, 1974]. Previous studies examined regimes of mixing due to various processes and explored
different parameterization schemes [e.g., Simpson et al., 1996; Sundermeyer and Ledwell, 2001; MacKinnon and
Gregg, 2005b; Burchard et al., 2008; Liu, 2010; Palmer et al., 2013]. In the bottom boundary layer (BBL), turbulence is
mainly attributed to velocity shear driven by bottom stress. Inall et al. [2000] and Liu et al. [2009] found that over
half of the observed dissipation occurred in the BBL. Turbulence driven by bottom stress can significantly influ-
ence the structure of water column in shelf seas depending on the thickness of the BBL [Simpson et al., 1996; Rip-
peth et al,, 2003; Simpson and Tinker, 2009]. Other processes such as surface waves in shallow water and internal
waves can also represent sources of the BBL turbulence. For example, Davis and Monismith [2011] found that tur-
bulence in the BBL over a barrier reef was highly variable in time and modified by shoaling internal waves. Richards
et al. [2013] distinguished the contributions from tidal shear and shoaling internal waves to the BBL turbulence in
an estuary, and found that the observed dissipation rate (¢) of turbulent kinetic energy (TKE) exceeded values asso-
ciated with tidal shear by an order of magnitude during periods of high internal wave activity.

In the midcolumn layer away from the boundary, turbulence can also be induced by bottom shear stress as
previously discussed, especially when stratification is weak. On the other hand, bottom-driven turbulence
can be damped by stratification in which case internal waves may be the primary mechanism driving mid-
column mixing. This could be due to internal wave-driven instability, which depends on the gradient
Richardson number similar to the bottom stress driven instability [e.g., Rippeth 2005; Rippeth et al., 2005;
Palmer et al., 2013]. Alternatively, turbulence in stably stratified layers has been observed [Palmer et al.,
2008, 2013] and different models have been proposed to scale the distributions of ¢ [Henyey et al., 1986;
Gregg, 1989; MacKinnon and Gregg, 2003b, 2005b].

The Coastal Mixing and Optics (CMO) experiment, carried out on the New England Shelf (NES) in 1996-1997,
created an extensive data set to study the mixing processes in shelf seas. Analyses of this data set have
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Figure 1. Map of study site with isobaths contoured in meters. Locations of EPSONDE and umn have been derived from
VM-ADCP are marked by a pentagram, BASS by a diamond, and NDBC 44008 by a square, microstructure [Oakey and
respectively. Three sets of coordinates (north and east, along and cross-isobath, and along Greenan, 2004] and dye

and cross-coast) are denoted by grey arrows.

releases [Ledwell et al., 2004].
The present study builds on the understanding of dynamics and mixing characteristics of the NES from
previous analyses of the CMO data set. We further analyze the data set with an objective to reveal a
comprehensive view of layered mixing, from the interior water column to the BBL. The time variation
of layered mixing will be illustrated and the linkage to flow and stratification conditions will be dis-
cussed. Novel aspects of the present study are (1) to distinguish and discuss the different characteris-
tics of turbulence in the interior under stably stratified conditions and in the BBL under shear
instability; (2) to evaluate the parameterization of internal wave mixing with the CMO data; and (3) to
focus on understanding the variation of BBL mixing associated with shelf slope, stratification, tidal and
subtidal flows.

The remainder of this paper is organized as follows: field observations and the associated data processing
are described in Section 2; Section 3 and Section 4 present analysis of observational data to examine the
layered thermohaline structures and mixing dynamics, respectively; the conclusions from this study are
summarized in Section 5.

2. Field Observation and Data Processing

During 8-11 August 1997, measurements were made on the NES onboard R/V Oceanus near the 70 m iso-
bath south of Nantucket, Massachusetts (Figure 1). Our date convention is that local noon 1 January is year-
day 0.5.

2.1. Microstructure and CTD

Microstructure data were obtained from the EPSONDE profiler [Oakey, 1988], a 2.4 m tethered instrument
ballasted to free-fall typically at 0.8 m s~'. The microstructure sensor suite included a cold-film platinum
thermometer (response time of 2 ms), a fast-tip thermistor (response time of 12 ms) and two custom-built
airfoil shear probes to measure the velocity gradient profile. The thermistor was sampled at 128 Hz and the
other three microstructure sensors were sampled at 256 Hz. EPSONDE was also equipped with a conven-
tional Conductivity-Temperature-Depth (CTD) sensor.

EPSONDE casts used for this analysis were obtained along two 4 km lines in the east-west (approximately
along-isobath) direction, and included up to twelve casts per occupation of the line over a period of about
2 h [see Oakey and Greenan, 2004, Figure 6]. The microstructure profiles collected during one line occupa-
tion were averaged to provide a single estimate for that time period. Measurements were conducted from
yeardays 219.46 to 220.43 (1102 on 8 August to 1019 on 9 August 1997) along the first line and from year-
days 221.72 t0 222.63 (1716 on 10 August to 1507 on 11 August 1997) along the second line. For conven-
ience, the two periods are referred to as day 1 and day 2, respectively. EPSONDE profiles either finished on
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the seabed or close to the bottom, in order to resolve mixing in the BBL. A guard ring at the leading end of
the instrument protected the microstructure probes. The processing methodology for EPSONDE data was
detailed by Oakey and Greenan [2004].

2.2, VM-ADCP

The R/V Oceanus was equipped with a 300 kHz broad band vessel mounted-acoustic Doppler current
profiler (VM-ADCP), which measured the velocity over the depths of 11-57 m above the bottom (mab)
with a vertical bin size of 2 m. Each VM-ADCP velocity profile was derived by averaging pings over a 10
min period. Velocity vectors are rotated to along and cross-isobath directions with positive x toward
110°T (clockwise from north orientation, the same hereinafter) and positive y toward 20°T (Figure 1).
The VM-ADCP velocity is also used to estimate vertical shear variance (S? = S2 + S2 = (Qu/02)* + (Ov/92)*,
where u and v are along and cross-isobath velocity, respectively; z is the vertical coordinate). The trian-
gular weighting function used by the RDI ADCP instruments results in adjacent depth bins not being
independent because of overlapping measurements; therefore, vertical shear has been calculated by first
differencing over 4 m intervals. The gradient Richardson number (Ri) at 11-57 mab is calculated accord-
ing to Ri=N?/5%, where N? is buoyancy frequency squared from the EPSONDE CTD and §° is shear var-
iance from the VM-ADCP.

2.3. BASS

The Benthic Acoustic Stress Sensor (BASS) tripod was located about 7 km west of the EPSONDE survey site.
The tripod consisted of a vertical array of six BASS sensors at 0.74, 1.1, 2.2, 3.3, 5.4, and 7.0 mab which were
sampled at 1.2 Hz in bursts. Each sensor enables the computation of a three-dimensional velocity vector by
measuring the differential travel time of acoustic pulses traveling in opposite directions along four 15 cm
acoustic axes. In each 2 h cycle, measurements were made during three bursts, each burst lasting half an
hour, followed by half an hour during which the instruments were idle [Shaw et al., 2001]. Vertical profiles of
velocity are obtained by fitting second-order polynomial functions to the nonevenly distributed velocities
obtained from the six sensors. Shear is calculated from the derivatives of the fitted polynomials (to be pre-
sented in section 4.1). Ri is calculated by combining N° from EPSONDE and S? from BASS. Estimates of Reyn-
olds stress (<u'w'> and <vV'w'>) are obtained by computing eddy correlation from velocity of each burst. A
linear filter and differencing technique are used to remove contamination on the estimation of Reynolds
stress by surface waves [Shaw and Trowbridge, 2001]. Estimates of ¢ are obtained from BASS by fitting theo-
retical models of inertial subrange turbulence to measured spectra. ¢ estimated from BASS is discussed in
section 4.3 and its variation broadly follows that from EPSONDE. Detailed data processing procedures for
estimating Reynolds stress and ¢ from BASS were described by Shaw and Trowbridge [2001] and Shaw et al.
[2001].

2.4. Wind Forcing

Wind data are obtained from measurements on buoy 44008 from the National Data Buoy Center (NDBC),
which was located 85 km to the east of the EPSONDE site. Previous studies demonstrated that the subtidal
along-isobath flow has the highest correlation with the component of wind stress parallel to the southern
New England coastline [Beardsley et al., 1985; Shearman and Lentz, 2003], according to the conceptual
model of Boicourt and Hacker [1976]. Following these studies, the along-coast wind is defined positive
toward 45°T (Figure 1). Wind stress is averaged over 1 h intervals.

3. Layered Stratification

3.1. Overview

Following Wright [1976] and Lentz et al. [2003], water with salinity less than 32.50 is defined as “shelf water”
and that with salinity greater than 33.50 is referred to as “shelf-slope front water.” This also maintains consis-
tency with the observed characteristics of temperature (T) and salinity (S) shown in Figure 2a. The relative
contribution of temperature and salinity to the growing vertical density gradient over the measurement
period is quantified by the spice gradient, defined as:
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Figure 2. (a) Temperature-salinity diagram with contours of potential density, day 1 in black and day 2 in green. Time-depth variations of
(b, ¢) temperature (7); (d, e) salinity (S); (f, g) potential density (¢); (h, i) squared buoyancy frequency (N?); and (j, k) spice gradient (dV/dz) on
day 1(Figures 2b, 2d, 2f, 2h and 2j) and day 2 (Figures 2c, 2e, 2g, 2i, and 2k). Units of depth are meters above the bottom (mab).

dav aT s

L =up—+Bp— 1

dz oz be 0z’ m
where p is density, o is the thermal expansion coefficient and f is the saline contraction coefficient. The val-
ues (mean = standard deviation) of & and ff are o = 1.67X10" % +=3.11x10 °°C",

f=760x10"*+575X10"7 based on T, S and pressure [McDougall, 1987].

The time-depth variations of T, S, potential density (), N° and spice gradient on day 1 and day 2 are shown
in Figures 2b-2k. The ensemble averages of T, S, ¢ and N? are shown in Figure 3. The vertical distributions
of the above variables reveal a four-layer structure. Taking N°=4x10"“ s 2 as a critical value, the four layers
are defined as: the subsurface stratification layer with N°>4X10~* s~ % the middepth weak stratification
layer with N°<4x 10~ s~ 2; the lower stratification layer with N°>4X10* s 2 and the well-mixed BBL with
N°<4Xx10* s~ 2 A possible well-mixed surface layer was not observed because EPSONDE did not provide
data in the upper 5 m of the water column. The observed upper three layers are hereafter referred to as
midcolumn layers, for convenience.
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Figure 3. (left to right) Vertical profiles of temperature (7); salinity (S); potential density (¢) and squared buoyancy frequency (N) on (top)
day 1 and (bottom) day 2. The dash-dotted lines denote N°=4x10"* s 2. The solid curves are the ensemble averages and the shaded

areas show the ranges of standard deviations.

3.2. Subsurface Stratification and Middepth Stratification
The subsurface stratification layer and middepth weak stratification layer covered the water column above
12 mab. The interface of the two layers was located at about 48 mab on day 1 and descended to about 40
mab on day 2. With increasing depth, temperature in the upper 10 m of the water column decreased from
about 20°C to 15°C; salinity was nearly uniform with a value of 32.00 on day 1 and with at value of 32.20 on
day 2. Hence, the density gradient in the upper 10 m was mainly driven by temperature (yellow and red

patches in Figures 2j-2k).
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Figure 4. Time-depth variations of (a) along (u) and (b) cross-isobath (v) velocities. (c-f) The progressive current vectors (time-integrated
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are denoted in black, green and red, respectively.
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Figure 5. Time series of (a) the along (tgjong) and cross-coast (tq0s5) Wind stress at sea surface; (b) along (u) and cross-isobath (v) velocities
at 0.74 mab and their subtidal component (Usyptidar Vsubrida)i (€) total bottom stress (1), along-isobath bottom stress (z,) and its subtidal
component (Tpy-subtidal; (d) Vsubtidar EKman component of cross-isobath velocity (Vexman) and the height of shelf-slope front water (Zs5,).

In the depth range of 12-60 mab, the temperature ranged from 8 to 15°C with a notable increase of 1-4°C
from day 1 to day 2. Salinity ranged 32.00-33.00 with an increase of 0.50 from day 1 to day 2. The density
gradient was mainly influenced by temperature, but occasionally was controlled by salinity (blue patches in
Figures 2j-2k). Near the site of the EPSONDE measurements, temperature and salinity gradients in the
cross-isobath direction have been well documented [Lentz et al., 2003]. Lentz [2010] also showed that there
existed a temperature gradient in the along-isobath direction, increasing from southeast to northwest. Fig-
ure 4 shows the time-depth variations of velocities and progressive vector diagrams at four selected heights
above the seabed. Besides the periodic tidal component, the along and cross-isobath velocities both
revealed subtidal motions. The maximum displacements were less than 3 km in the cross-isobath direction
and 7-13 km eastward in the along-isobath direction.

Time series of the height of density isopycnals (e.g., 25.0 kg m~3) show fluctuations with approximately
semidiurnal periods (Figures 2f-2g). Their amplitudes from crest to trough are about 3 m on day 1 and

10 m on day 2, corresponding to small and large variability of the ensemble averages of temperature, salin-
ity and density on day 1 and day 2, respectively (Figure 3).

3.3. Lower-Layer Stratification and Well-Mixed BBL
The lower stratification layer and the well-mixed BBL were confined below 11 mab on day 1 and 14 mab on
day 2. The interface of the two layers was located at 3 mab on day 1 and 5 mab on day 2. With increasing
depth, stable density profiles in these two layers were related to salinity increasing from 33.00 to 34.50,
while temperature increased from 8 to 10°C. The density gradient in the stratification layer was controlled

primarily by salin

ity (Figures 2j-2k).

High salinity water with $>33.50 in these two layers originated from the shelf-slope front water. Previous
studies on the NES [Boicourt and Hacker, 1976; Houghton et al., 1988] suggested that onshore movement of
the shelf-slope front water was related to the eastward along-coast wind stress. Lentz et al. [2003] quantified
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Figure 6. Time series of (a) along (u) and (b) cross-isobath (v) velocities; and c) flow speed (U) obtained from BASS at 0.74, 1.10, 2.20, 3.30,
5.40, and 7.00 mab, as well as barotropic tidal velocities (red dashed lines) calculated with OTIS.

this relationship based on CMO measurements from August 1996 to June 1997. They found that an east-
ward along-coast wind stress greater than 0.2 N m~ 2 drives an eastward along-isobath current throughout
the water column, resulting in a westward bottom stress that forces a northward cross-isobath Ekman trans-
port and, hence, onshore displacement of shelf-slope front water at the foot of shelf-slope.

Figures 5a-5c shows the time series of observed along and cross-coast wind stresses (Taong and Tcros5), along
and cross-isobath velocities (u and v) and their subtidal component (Usyptigas aNd Vsyptidar) at 0.74 mab,
along-isobath bottom stress (t,,) and its subtidal component (T, supridar)- The subtidal values of u, v and 1,y
are obtained by applying low-pass filter with a cutoff of 33 h. vguptiaas Was in the northward direction on day
1 and day 2, which displaced the shelf-slope front water onshore and resulted in the lower-layer stratifica-
tion. Near bottom vy piga Was linked to Tpy suptidar through the bottom Ekman dynamics:

v __ Tbx—subtidal
Ekman = — ;<
pfdp

)

where Vegman is the Ekman component of v; fis the Coriolis parameter and J, is the height of Ekman layer,
taken as the average BBL height (~3 m). Figure 5d shows that the time series of Vg ptidan Vexman and the
height of shelf-slope front water (zs,, with $>33.50). On day 1 Vegman and Veupriaa Varied slightly and zgs,
was at about 7-10 mab; on day 2 Vegman and Vsupriaar decreased from 0.03 to about 0.015 m s~ and zqs,
decreased from 13 to about 8 mab. During our measurements and one day preceding the measurements,
Talong Was primarily in the eastward direction with a mean magnitude of 0.02 N m™2 and 7,05 Was generally
weak. According to Lentz et al. [2003], this wind stress is not strong enough to produce eastward Usyptigar
and resultant T, suptidar Therefore, s privas Must be related to cross-shore pressure gradient.

The time series of u, v and flow speed (U) obtained from the BASS at 6 levels, along with the corresponding
barotropic tidal velocities, are shown in Figure 6. The barotropic tidal velocities are calculated using the Ore-
gon State University Tidal Inversion Software (OTIS) [Egbert and Erofeeva, 2002]. In comparison with the bar-
otropic tidal flow, the observed along-isobath velocity at each of the six levels of the BASS contains an
eastward subtidal component, similar to the flow observed by the VM-ADCP (Figure 4). The signs of v oscil-
late; but for the lower three levels the magnitudes of onshore flow are larger than that of the offshore flow.
This suggests a subtidal onshore flow that can be related to the bottom Ekman transport induced by the
subtidal eastward current.
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4. Layered Turbulent Mixing

4.1. Overview
Figure 7 shows the time-depth variations of S?, Ri, ¢, and eddy diffusivity (K,=0.2e/N°) based on VM-

ADCP and EPSONDE measurements. Figure 8 shows the supplement of S, N2, Ri, ¢ and the TKE produc-
tion rate (P) in the BBL and the adjacent part of the lower stratification layer, based on BASS and
EPSONDE measurements. Vertical distributions of the ensemble averages and standard deviations of 52,
Ri, ¢ and K, throughout the water column are displayed in Figure 9. For the upper two layers, strong
shear variance with $>>10"% s~ 2 occurred above 50 mab on day 1, and split into two regions on day 2:
a layer above 40 mab and a patch between 20 and 40 mab during first half of day 2. However, in the
range of 11-57 mab resolved by the VM-ADCP, the presence of stratification led to Ri>1, suggesting
that strong turbulence was generally damped by stratification, consistent with observed weak ¢ of
107°—10"® W kg ' and weak K, of 107°~107> m” s~ in this layer. There are some scattered areas
with enhanced ¢ above 1078 W kg ™" in the upper 10 m; however, an estimate of Ri is not available

because of the lack of VM-ADCP data.
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Figure 8. (a, b) Two samples of observed velocity profiles (solid circles), their second-order
polynomial fits (solid lines) and the inferred shear (dash-dotted lines). Time-depth variations
of (c, d) shear variance (5, (e, f) squared buoyancy frequency (N?); (g, h) gradient Richardson
number (Ri); (i, j) TKE dissipation rate (¢); and (k, I) TKE production rate (P) in the lower part of
the lower stratification layer and the BBL. (left) Figures 8c, 8e, 89, 8i and 8k and (right)
Figures 8d, 8f, 8h, 8j and 8l for day 1 and day 2, respectively.

For the lower two layers, shear
is calculated by velocities
measured by BASS. Figures
8a-8b shows two sample
velocity profiles, their second-
order polynomial fits and the
inferred shear. The fits are
quite accurate, as suggested
by the small normalized root-
mean-square error

1/ %E? (Velobs— Velﬁ[)z

max (Velops) —min(Velops) '

(NRMSE=
where Vel is velocity, n is the
number of data values,
max(Vel,ps) and min(Vel,s) are
the maximum and minimum
of observed velocities, respec-
tively.) between the observed
and fitted velocities, 4.3% for u
and 3.5% for v. High values of ¢
upto 107 °Wkg ' and K, up
to 103> m? s~ were observed
in the BBL, corresponding well
with Ri<0.25. The occurrence
of Ri<0.25 in the BBL was
always observed to be associ-
ated with strong shear. On the
other hand, while large shear
was also measured outside the
BBL, strong stratification in
that region inhibited the
occurrence of shear instability,
leading to low values of
e<10”’Wkg ' and K,<107°

m2s .

Figure 9 clearly shows that var-
iability in Ri corresponds well
with strong and weak ¢ in the
BBL and midcolumn layers.
This is consistent with the clas-
sical understanding of weak
velocity fluctuations under sta-
ble condition of Ri>0.25 and
instabilities leading to active
turbulence for Ri<0.25 [Miles,
1961; Howard, 1961; Rohr et al.,
1988]. Hence, the mixing char-
acteristics showed mainly a
two-layered structure: the mid-
column layer with stably strati-

fied conditions and the BBL under shear instability. The distinction of the two layers can be further revealed
by the scatter diagrams of Ri versus ¢, N° versus ¢, S% versus ¢ and N° versus S? (Figure 10). The number of
data samples corresponding to Ri<0.25 is small. Besides Ri<0.25, Ri values in the range of 0.25-0.5 are
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Figure 9. Same as Figure 3 but for (left to right) shear variance (S?); gradient Richardson number (Ri); TKE dissipation rate (¢) and eddy dif-
fusivity (K,). The ensemble averages are based on median. The dash-dotted lines denote Ri=0.25.

mostly distributed in the BBL (yellow patches in Figures 8g-8h, with the exception of one value outside the
BBL around yearday 220.0). We thus select A%, 5? and ¢ values corresponding to Ri<0.5 to represent the
bottom-affected water. Ri values in the range of 0.5-1 are also only located at heights of 1-6 mab (green
and cyan patches in Figures 8g-8h), with some distributed in the BBL and others in the lower stratification
layer. We thus select N?, 5% and ¢ values corresponding to Ri>1 to represent the midcolumn water. By sepa-
rating data values in such a way, in midcolumn water (Ri>1) and the bottom-affected water (Ri<0.5), ¢ has a
poor (r=—0.38) and moderate (r=—0.53) correlation with Ri, respectively (Figure 10a). Correlations between
N? and ¢ in the midcolumn and bottom-affected waters have opposite signs: stratification provides positive

-5 Ri=0.25 0.

log, [ (W Kg™)]

a A RIi<0.5 b =-=r(Ri<0.5) = -0.60
o Ri>1 —r(Ri>1)=0.48
o Ri>=0.5 & Ri<=1
—r(R>1)=-0.38
.- r(Ri<0.5) = -0.53
o
10| H
102 10" 10° ' 10° 10°10
) l0g,, [R1
¢ —r (Ri>1) = 0.57

log, ; [N ()]

Figure 10. Scatter diagrams of observed TKE dissipation versus (a) gradient Richardson number (Ri), (b) squared buoyancy frequency (N?),
and (c) shear variance (5. d) Scatter diagrams of N versus S°. Values corresponding to Ri>1 and Ri<0.5 are denoted by solid circles and
hollow triangles, respectively. Solid and dashed lines represent the best linear fits of the data.
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Figure 11. (a-d) The distribution of TKE dissipation rates (¢, color coded) as functions of stratification (N, x axis) and shear (S, y axis). (a) The
observed values in the midcolumn and BBL with the color axis of ¢ denoted on its left. (b) The observed values in the midcolumn. (c, d)
The fits of the observed ¢ in midcolumn to the original and a slightly modified MG model, respectively. The color axis on the right applies
to Figures 11b-11d. (e, f) Scatterplots of observed TKE dissipation rates (&opsened) VErsus modeled TKE dissipation rates according to equa-
tion (3) (eme) and equation (5) (g,e,) With the straight lines depicting the 1:1 ratio.

contribution to ¢ in the midcolumn layers (r=0.48) and negative contribution to ¢ in the bottom-affected
layers (r=—0.60; Figure 10b). The contributions of 5 to ¢ differ in the midcolumn and the boundary. With 52
increasing from 10 % to 10> s~ 2, ¢ in the midcolumn water increases simultaneously; S? and ¢ have a corre-
lation of r=0.57. The bottom-affected ¢ exhibits little dependence on s? (Figure 10c). $% and N? are corre-
lated (r=0.77) in the midcolumn water but not in the bottom-affected water (Figure 10d).

4.2. Midcolumn Turbulence

Following MacKinnon and Gregg [2003b], the observed values of ¢ are grouped according to bins of S? and
N?, which are spaced evenly on logarithmic axes. The average value of ¢ for each bin is calculated only if at
least five values are contained in that bin. To reduce the bias introduced by the different vertical resolutions,
N? and ¢ were vertically averaged over the 2 m VM-ADCP bins. Since large scale shear comes from low fre-
quency motions [MacKinnon and Gregg, 2003b], VM-ADCP data were low-pass filtered with cutoff frequency
0.17 cph before computing the shear. Figure 11a displays the distributions of all of the observed ¢ values,
including the midcolumn and the bottom-affected layers. The general tendency is that ¢ increases with
diminishing stability (Ri). This can be regarded as the first-order process for shelf mixing. Figure 11b displays
the distribution of observed ¢ values only in the midcolumn. It shows the tendency of ¢ increasing with
increasing S? and increasing N?, which can be regarded as the second-order process for shelf mixing.

The relatively weak ¢ in the midcolumn is important for fluxes across the pycnocline. Classical turbulent clo-
sure models, e.g., second-order turbulent closure models of Mellor and Yamada [1974, 1982] and Canuto

et al. [2001], predict the dependence of ¢ on stability functions, which rely on shear and buoyancy-related
nondimensional parameters and can be often described as functions of Ri when a local equilibrium is
assumed [Burchard et al., 2008]. Variation of ¢ obtained by such models may be consistent with observations
under condition of shear instability but not under stable conditions according to the fine-scale Ri [Simpson
et al., 1996; Burchard et al., 2008; Palmer et al., 2013]. The observed data fit a parameterized model for shelf
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Figure 12. (top) Rotary energy spectra of barotropic velocity showing clockwise (red), anticlockwise (blue) components and the total
(black). Vertical distributions of rotary total energy spectra (clockwise plus anticlockwise) of (middle) baroclinic velocity and (bottom) shear.
(left) Spectral density and (right) the energy-preserving spectra, respectively. Vertical lines mark the frequencies of diurnal solar tide (K;/
P;), local inertial (f), semidiurnal lunar tide (M), and oscillations resulted from nonlinear interactions (M,+f and 2M,—1).

internal wave turbulence better, proposed by MacKinnon and Gregg [2003b, hereafter referred as MG

model), that takes the form of
N S
EMG= So( ) <50> 3)

The MG model contains three tuning parameters Ny, Sp and . By setting Ny=5,=3 cph, the fitting of the
MG model to the observed ¢ in the midcolumn yields £,=5.0x10""" W kg ™. Figure 11c shows the MG
model fitted distribution of . The similarity between Figure 11b and Figure 11c suggests that the MG model
describes the distribution of observed ¢ in midcolumn reasonably well.

The nature of internal waves can be explored by examining the rotary energy spectra of barotropic velocity
(depth mean velocity), baroclinic velocity (total minus depth mean velocity) and shear (Figure 12), and time
series of baroclinic velocity and kinetic energy (Figure 13). The barotropic energy is dominated by the clock-
wise rotating component with peaks primarily at the semidiurnal lunar tidal frequency (M,) and secondarily
at the diurnal solar tidal frequency (K;/P;). This maintains consistency with the results of Shearman and Lentz
[2004] from analyses of velocity measured from moorings from August 1996 through June 1997 on the NES.
The energy spectra of baroclinic velocity and shear vary with depth. Above 15 mab, the spectra of baroclinic
velocity show a primary peak at the near-inertial frequency (f) and a secondary peak at the M, frequency.
Below 15 mab, the primary peak shifts to M, frequency. The shear spectra have a peak at the near-inertial
frequency and the contribution from M, frequency is only evident below 20 mab. Below 15 mab, the baro-
clinic velocity and shear spectra also show peaks at frequencies of M,+f and 2M,—f, suggesting the contri-
bution from nonlinear interaction between the near-inertial and M, internal waves here. Overall, the above
analyses suggest that the midcolumn mixing can be related to near-inertial and semidiurnal internal waves.
The near-inertial waves are usually setup by abrupt changes in wind direction [van Haren et al., 1999] or
wind magnitude [Rippeth et al., 2002]. Figure 5 shows that the along and cross-coast winds were generally
weak on day 1, and increased to 0.06 N m 2 during the 1 day gap between days 1 and 2, and then gradu-
ally dropped to nearly zero at the end of day 2. From day 1 to day 2, the intensity of internal waves was
enhanced, as is evident both in baroclinc velocity (Figures 13a and 13b) and depth-averaged baroclinic

Ll V
energy (Eparocinic= ;—Z’; ~be5—t<, where Uy and v, are observed along and cross-isobath baroclinic (total
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Figure 13. Time-depth variations of (a) along (uy) and (b) cross-isobath (v,) baroclinic velocities. (c) Time series of depth-averaged baro-
tropic (Eparotropic: 9reen) and baroclinic (Eparociinic; blue) kinetic energy.

minus depth-mean) velocities, respectively; n is the number of VM-ADCP layers., Figure 13c). On the other

2 2
hand the averaged barotropic energy in the 2 days was almost the same (Eparotropic = u"';‘/ﬁ", where uy,: and vy, are
observed along and cross-isobath barotropic (depth mean) velocities, respectively, 0.0074 and 0.0075 m* s 2 in

day 1 and day 2, respectively). Thus, the variation of internal wave energy was likely related to wind.

Van der Lee and Umlauf [2011] summarized eight previous studies that applied MG model for observed ¢ in inte-
rior water on continental shelves. They found that the fitted parameter ¢, for different sites ranges over two
orders of magnitude. Such a degree of scatter indicates that the MG model may not be suitable for all applica-
tions. In the following, we compare our data with two other data sets analyzed by MacKinnon and Gregg [2003b,
hereafter referred to as MGO03; 2005b, hereafter referred to as MGO5]. The three data sets were all collected at
nearby sites on the NES. The data set being presented in this paper and MG03’s data were both collected in
summer, but in different years. The two data sets show similar ranges of N°, §? and ¢, resulting in similar values
of & (£,=6.9%10""° W kg™ for MGO3 and ¢,=5.0Xx10" "W kg~ for our data). For MGO5, measurements were
made in spring during restratification; the range of ¢ is similar with MG03's and our data, but the magnitudes of
N? and $? are 1-2 orders of magnitude smaller. This results in a two-fold decrease in &, (6p=1.1X10"° W kg™
for MGO5). According to these data sets from the same site on the NES, similar ranges of N leads to similar &,
for MG model, and &, decreases with increasing N°. This is in agreement with the results of van der Lee and
Umlauf [2011], who conducted measurements in 2008 (summer) and 2010 (winter) in Baltic Sea. Although the
observations were made in different seasons and different years, N° of the two data sets have similar ranges,
resulting in the similar values of &, (65=1.5X10" " W kg~ for summer of 2008; £,=1.7x10""° W kg~ for win-
ter of 2010). It is conceivable that the relationship of &, versus N° may be influenced by local bathymetric param-
eters (e.g., slope), since internal waves on continental shelves are strongly affected by local topography (e.g.,
internal wave propagation, scattering and reflection) [Kunze and Smith, 2004].

Another issue with the MG model is that the error of fitting it to observations can be significant. The range
of ¢ estimated by the MG model may differ from the observed range [e.g., van der Lee and Umlauf, 2011;
Carter et al., 2005]. For our data set, the range of ¢y is larger than that of observed ¢ (Figure 11c). We define
a measure of difference between the model estimated (¢,,04e)) and observed (eopsenved) Values according to

n 1/2

1
0= n 21: (logmt‘:model_|0910£observed)2 s (4)

where n is the number of data values. For our original observed data set (not averaged for combined bins
of $? and N?), by setting &moge=&ms (6w is calculated according to equation (3) using original observed N
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Figure 14. (a) Vertical distribution of correlation coefficient between time series of bottom stress (z,) and TKE dissipation rate (¢). (b) Scat-
terplot of TKE production rate (P) versus ¢ estimated at 0.74 (solid circle) and 1.10 (triangle) mab with straight line indicating the 1:1 ratio.

and S), we get 0=0.33 (Figure 11e). This corresponds to an average difference of 0.33 decades between &6
and observed ¢. The difference can be reduced by slightly modifying the MG model into the form of

@)

By fitting our data to this new model, we get &, = 9.2X10"'"* W kg~ ' and b = 0.61. The new model fit is dis-
played in Figure 11d. By setting &model = €new iN €quation (4), we get 6=0.27 between the observed ¢ and
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Figure 15. (a) Scatterplot of squared flow speed (U2 ,,...,) versus squared friction velocity (U2 ;4mq) at 0.74 mab. The slope of fitted

straight line gives Cp = 1.7X10 >, (b) Time series of observed TKE dissipation rate (¢, red) at 1.00 mab and modeled & according to equa-
tion (6) (black) at 1.10 mab.
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Figure 16. Time series of (top) along-isobath shear variance (52) and cross-isobath shear variance (S2); (bottom) shear variance (5% and
four times of buoyancy frequency squared (4N?) at 0.74 mab. Left and right plots show day 1 and day 2, respectively.

model fitted values ¢,.,, (Figure 11f), meaning that the average difference is 0.27 decades. While ¢,
improves the accuracy of fitting compared with ¢y, the underlying physics of determining ¢, and b are still
not understood.

4.3. BBL Turbulence

As discussed in section 4.1, strong turbulence in the BBL corresponds to Ri<0.25 caused by large shear.
Time variations of bottom stress (1, Figure 5¢), U (Figure 6¢), S?, Ri, TKE production rate (P) and ¢ (Figure 8)
followed one another. These quantities all show large values during yearday 219.6-219.8 and 220.0-220.4
on day 1 and yearday 221.7-222.0 and 222.2-222.6 on day 2. Figure 14a shows the correlation coefficient
between time series of ¢ at each level and 1, The correlation coefficient is large (r~0.8-0.9) near the bottom
and decreases dramatically above 7 mab. This suggests the strong link between BBL turbulence and bottom
stress. Figure 14b shows scatterplot of P versus ¢ at the lowest two levels of BASS. Linear regressions of

&= 1.01P at 0.74 mab (r=0.81) and ¢ = 0.94P at 1.10 mab (r=0.79) are obtained through least-squares fitting
for P larger than 2X10 8 W kg™ . The correlation diminishes for P less than 210 8 W kg~ " possibly due to
uncertainties in the estimated quantities. Uncertainty in estimating P is primarily associated with that in
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Figure 17. (left to right) Vertical distributions of flow direction (®); flow speed (U); shear variance (5?); along-isobath Reynolds stress
(<u'w'>); cross-isobath Reynolds stress (<v'w’>); and TKE dissipation rate (¢) averaged over onshore (blue), offshore (red) and along-
isobath (black) ensembles, respectively. The 95% confidence intervals are shown by horizontal bars.
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Figure 18. Time-depth variations of (top to bottom) squared buoyance frequency (N); shear variance (5); gradient Richardson number
(Ri); TKE production rate (P) and dissipation rate (¢) simulated by the GOTM on day 1. (left to right) Results for Cases 1, 2, and 3.

estimating Reynolds stress [Shaw et al., 2001]. Such uncertainty leads to many unrealistic estimates of P in
the upper four levels of BASS (negative values shown by blank areas in Figures 8k-8l). Further we examine
the scaling of ¢ in the BBL using the law-of-the-wall [Taylor, 1920; Richards et al., 2013]:

(el
= —,
KZ

(6)

where Cp is the bottom drag coefficient and x=0.4 is the von Karman constant. Cp = u2/U? is obtained

1/2
using U and friction velocity (u*: [\/<u’w/>2+ < v/w’>2] ) at the lowest level (0.74 mab) of BASS. Fig-

ure 15a shows scatterplot of U? versus u2 * at 0.74 mab; a linear fitting gives Cp = 1.7X 10>, Figure 15b
compares the observed ¢ at 1.00 mab with the predicted ¢ at 1.10 mab using U at that level and Cp accord-
ing to equation (6). The good agreement strongly supports that the BBL turbulence in this study is mainly
driven by bottom stress. The generation of BBL turbulence by internal waves cannot be a dominant factor,
because of the negative correlation between N° and ¢ (Figure 10b). The energy of internal waves (hence the
wave-generated turbulence) increases with increasing N according to theory [Gill, 1982].

Figures 6 and 8 have shown that U, S?, Ri and ¢ in the BBL all have two broad peaks in 1 day, in contrast to
the presence of four peaks in 1 day in many sites controlled by M, barotropic tide [e.g., Simpson et al.,
1996]. Figure 16 shows the time series of $° and N? at the lowest level of BASS (0.74 mab). The along and
cross-isobath components of shear variance, S2 and S2, both contribute to variation of the total shear
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Figure 19. Same as Figure 18 but for day 2.

variance S%. The along and cross-isobath components of shear combined to cause ¢ to have two peaks in 1
day. This behavior is related to the presence of a subtidal flow in addition to the oscillating tidal flow at the
study site, to be demonstrated by model simulations at the end of this section.

The time variation of BBL turbulence is related to changes in shear and stratification, associated with flow
direction ® (®=0° at 0°T). The boundary layer variables are separated into three groups, an eastward
along-isobath flow group with ®>=50° and ®<=130°, an onshore flow group with ®>=—40° and
®<=40°, an offshore flow group with ®>=140° and ®<=220°. Vertical distributions of ®, U, §?, along-
isobath Reynolds stress (<u'w’'>), cross-isobath Reynolds stress (<v'w'>) and ¢ averaged over onshore, off-
shore and along-isobath ensembles, respectively, are shown in Figure 17. At the lowest two levels (0.74 and
1.10 mab), magnitudes of <u'w> during along-isobath flow and <v'w'> during cross-shore flow are large
due to bottom friction, and ¢ reaches maximum. At the third and fourth layers (2.20 and 3.30 mab), Reyn-
olds stresses decrease to near zero corresponding to minimal shear, and ¢ is small. Above 4 mab, <u'w'>,
<VW>, and §? increase, but ¢ remains small. Figures 8k-8l suggests an increase of TKE production above 4
mab, hence the small ¢ must be due to the loss of TKE to buoyancy. One interesting phenomena is that
stronger shear during offshore flow does not lead to larger dissipation rate; instead, weaker shear during
onshore flow produces larger dissipation rate. This may be related to the presence of cross-isobath density
gradient. During onshore flow, the decrease of the flow speed toward the bed results in differential trans-
port of water masses, saltier water is moved above fresher water in the BBL, potentially leading to unstable
stratification and convective mixing, similar as the process of shear-induced convection discussed by Lorke
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et al. [2005]. During offshore flow, the same differential transport mechanism as described above moves
fresher water on top of saltier water. This leads to stronger stratification in the BBL on the slope.

The coexistence of tidal and subtidal flows as well as the cross-shelf density gradient determines the depth-
time variations of turbulence and mixing in the BBL and the layer immediately above at the study site. The
eastward subtidal current leads to onshore Ekman transport and, hence, the creation of the lower stratified
layer, which inhibits the upward extension of BBL turbulence. Otherwise, turbulence produced in the BBL
would extend further into the interior, or at least the height of BBL would not be limited by stratification.
The relevance of these mechanisms to the observed characteristics is illustrated with simulations using an
idealized model. The model is introduced in the Appendix A. Figures 18 and 19 show the time-depth varia-
tions of N2, §%, Ri, P and ¢ at 0-15 mab on day 1 and day 2, respectively, from three simulations. Case 1
includes tidal and subtidal flows and the influence of stratification. The model solution shows common
characteristics with observations: larger values of 5 are confined near the bottom and lead to Ri<0.25; P
and ¢ in the BBL have two peaks in 1 day; outside the BBL, weak shear and stratification lead to Ri>1 and
small values of P and . Case 2 retains subtidal flow but excludes stratification. It still obtains two peaks of P
and ¢ in 1 day, but results in bottom-generated turbulence that extends upward to the water column with
an evident phase lag. Case 3 excludes the influences of subtidal flow and stratification. It obtains four peaks
of P and ¢ on 1 day; lower upward extension of shear, P and ¢ compared with Case 2, especially on day 2.

5. Conclusions

The Coastal Mixing and Optics experiment obtained a comprehensive data set to study mixing in shelf
waters. In this study, through analyzing 2 days of observations in summer of 1997, a representation of lay-
ered stratification and turbulent mixing is further revealed. A novel aspect of the present study is the addi-
tion of BBL measurements to the well-analyzed midcolumn observations. Starting from 5 m below the
surface, the water column can be divided into four layers according to N the subsurface stratification layer;
the middepth weak stratification layer; the lower stratification layer and the well-mixed BBL.

An important physical process in our observation is the eastward subtidal current, which served to control
the hydrography and mixing characteristics. The eastward subtidal current led to bottom Ekman onshore
transport, which resulted in stronger onshore than offshore flow. The combination of onshore flow with
local eastward subtidal current changed the magnitude and periodic variation of BBL mixing.

Another important factor influencing the hydrography and mixing features is the shelf slope topography.
The density gradient across the slope and the onshore bottom Ekman flow contributed to the presence of a
lower stratified layer. In the BBL, the density gradient and the differential transport favors the creation of
convective mixing during onshore flow and rather strong stratification during offshore flow.

The existence of a lower stratified layer inhibited the upward extension of the strong turbulence in the BBL.
Mixing in the BBL under a shear instability condition was mainly caused by bottom stress, whereas that in
midcolumn under stable conditions was mainly related to near-inertial and semidiurnal internal waves. Posi-
tive correlations between N? and $?, S? and ¢, N? and ¢ are found in midcolumn water but not in the BBL.
Midcolumn ¢ showed no dependence on Rj, but increased with increasing N and S. We note that the esti-
mates of N, S and Ri here are based on fine-scale measurements.

The MG model reasonably describes the dependence of the observed ¢ in the interior water column on N
and S. However the scatter of the parameter ¢, for different data sets limits the general applicability of the
model. Based on three different data sets from the same site on the New England Shelf, we conclude that
(1) similar ranges of N lead to similar &, for MG model; (2) &, decreases with increasing N’ and (3) the rela-
tionship of &, versus N° may be determined by local bathymetric parameters.

Appendix A: Modeling BBL Turbulence With the General Ocean Turbulent Model
(GOTM)

A Cartesian coordinate system is defined with the x and y axes pointing to the along and cross-isobath
directions shown in Figure 1, and the z axis directed normal to the bottom slope and positive in upward
direction. The following assumptions are made: zero mean flow in z direction; hydrostatic approximation in
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the z momentum equation; zero advection in the x and

Table A1. Basic Parameters of the GOTM Model . . .
y momentum equations; zero turbulent mixing in x and

Parameters Values Parameters Values . K . Rk
y directions. The governing equations of the model are
@ 144 o 1.00 itten as:
& 192 7 130 wri :
G —0.62 G 0.5562
@ 1.00 ;é 0.40 @:_l@ +fv+2 Vt@ , (A1)
ot Po OX 0z \ 0z
ov 1 0p 19} ov
—=————fut+t—(v— A2
a pody az(‘faz)’ (A2)
dp
hal A3
2 P9 (A3)
ob_ 0 ([ ,0b
— =V =—= A4
ot oz (Vr az)’ (A%)

where u and v are along and cross-isobath velocities; p is pressure; fis the Coriolis parameter; b=—g(p—p)/
po is buoyancy; p is density and py its reference value; g is the acceleration due to gravity; v, and v, are the
vertical eddy viscosity and diffusivity, respectively. The surface boundary conditions are

ou

ov
b:07p:O7 povtgzo, povtg:o,at Z:H7 (A5)

where H is water depth. The bottom boundary conditions are

b
u=0,v=0,—=0, at z=0. (A6)
0z
A second-order turbulent closure model [Umlauf and Burchard, 2005] is solved to compute v, and v accord-
ing to
k2 K
Ve=C—; v?=cb -, (A7)
& rg

where ¢, and cﬂb are stability functions. The density (k) and dissipation rate (¢) of turbulent kinetic energy
(TKE) are calculated by solving

ok 0 (viOk\__ .

at &(a—@)—’”s & "o
Oe 0 (viOe\ & B
ot &((z&)‘;(“”*‘ﬁ €22), "

where P=v, (g—g)z is the TKE production rate; B= 2 (v %) is rate of TKE loss to the buoyancy; oy, ., ¢;, C2,

and c; are basic model parameters (Table A1). The boundary conditions for k and ¢ are

k
vr%=0 at z=H and z=0, (A10)
&%Z_(o)sﬁ ke (A11)
0,0z ") ok(z+zo(25, 2))

where « is von Karman constant; c® is another basic model parameter (Table A1); z, is the roughness length
at surface (z3) or bottom (z§) (Table A2); and Z is the distance from the bottom or surface. Details of model
numerical implementation are provided in Burchard et al. [2005].

Table A2 lists the specific model
parameters used for the BBL simula-

Table A2. Specific Parameters of the GOTM Model for Cases 1-3 tion and Cases 1-3. The setting of

Forcing Velocity Initial N? Other Parameters surface pressure as zero does not
Case1  Velocity at 0.74 mab from BASS 7X107%*s™?  H=70m mean that the model has no exter-
Case 2 Velocity at 0.74 mab from BASS 0 Z5=0.02m nal forcing. The forcing is intro-
Case 3 Barotropic tidal velocity from OTIS 0 zb= 45X10"°m

duced by specifying the velocity at
a certain height or vertical mean

f=9.47x10 °s'
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velocity with the observed time series. This effectively introduces a barotopic pressure gradient [Burchard,
1999]. In Cases 1 and 2, forcing is introduced using the observed current at 0.74 mab from BASS; in Case 3,
forcing is introduced using the barotropic tidal current from OTIS. In Case 1, the initial density distribution
are set horizontally uniform with a constant vertical gradient given by N°=7x10"*s~ 2 in Case 2 and 3,
initial N°=0 s~ 2 The depth H is set to 70 m. The bottom roughness length zg is estimated according to zg=
ze ™5 (derived from the logarithmic velocity profile) using the observed values of U and u* at 0.74 mab. The
Coriolis parameter f is set corresponding to the latitude of measurement site.
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