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Abstract

Observations from a three-year field program on the inner shelf south of Martha’s
Vineyard, MA and a numerical model are used to describe the effect of stratifica-
tion on inner shelf circulation, transport, and sediment resuspension height. Thermal
stratification above the bottom mixed layer is shown to cap the height to which sedi-
ment is resuspended. Stratification increases the transport driven by cross-shelf wind
stresses, and this effect is larger in the response to offshore winds than onshore winds.
However, a one-dimensional view of the dynamics is not sufficient to explain the re-
lationship between circulation and stratification. An idealized, cross-shelf transect in
a numerical model (ROMS) is used to isolate the effects of stratification, wind stress
magnitude, surface heat flux, cross-shelf density gradient, and wind direction on the
inner shelf response to the cross-shelf component of the wind stress. In well mixed
and weakly stratified conditions, the cross-shelf density gradient can be used to pre-
dict the transport efficiency of the cross-shelf wind stress. In stratified conditions,
the presence of an along-shelf wind stress component makes the inner shelf response
to cross-shelf wind stress strongly asymmetric.
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Chapter 1

Introduction

Transport across continental shelves connects coastal ecosystems to the open ocean,

and the inner shelf is a critical link in the cross-shelf transport pathway. Larvae

hatched on rocky coastlines are carried offshore, and nutrients from deeper waters

upwell near shore. Pollutants running off the land are transported away from the

coast, and oil spilled at sea ends up as tar balls on beaches. All these processes depend

on transport across the inner shelf, which is the region offshore of the surfzone where

the surface and bottom boundary layers overlap. Wind stress is one of the main

drivers of cross-shelf transport, and this thesis describes the influence of stratification

on wind-driven transport across inner shelf.

Ekman (1905) described wind-driven circulation by allowing the Coriolis acceler-

ation and a cross-shelf pressure gradient to balance both along- and cross-shelf wind

stress components. His analytic solution for uniform density and eddy viscosity laid

the groundwork to understand cross-shelf circulation driven by both along- and cross-

shelf wind stresses. A more detailed history of our understanding of transport driven

by along-shelf (section 4.1.1) and cross-shelf (section 4.1.2) wind stresses is given in

the introduction to Chapter 4. One key result from Ekman was that, in deep water,

surface boundary layer transport is ninety degrees to the right of the wind stress.

Accordingly, on mid and outer shelves, along-shelf winds typically drive cross-shelf

transport and extensive observational and modeling work has focused on transport
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by upwelling and downwelling wind stresses. On the inner shelf, the along-shelf wind

is less effective at driving cross-shelf transport in unstratified conditions because mo-

mentum mixes from the surface to the bottom before the Coriolis acceleration can

turn it. The resulting divergence in the cross-shelf Ekman transport within the sur-

face and bottom boundary layers leads to upwelling or downwelling on the inner shelf

(left side of Figure 1-2).

Stratification extends the ability of along-shelf wind to drive cross-shelf circulation

closer to shore (i.e., narrows the inner shelf), and increases the influence of the along-

shelf wind stress on the inner shelf. On a homogeneous shelf, the response to upwelling

and downwelling wind stress is symmetric, but on a stratified shelf, the response is

asymmetric (Austin and Lentz, 2002). Downwelling circulation forces lighter under

denser water, causing instability and mixing, which destratify the water column,

while upwelling circulation brings up denser water below lighter water, increasing

stratification and stability (Figure 1-1).

Upwelling Downwelling 

y  y  

Figure 1-1: Cross-shelf circulation and ispoycnals resulting from upwelling (left) and
downwelling (right) wind stresses over an initially stratified shelf.

For much of the intervening century since Ekman’s seminal work, the influence of

cross-shelf wind on shelf circulation has been largely ignored. Recent observational

(Fewings et al., 2008) and modeling (Tilburg, 2003) studies have shown cross-shelf

wind stress to be a significant mechanism for cross-shelf transport on the inner shelf.

Over the inner shelf, a cross-shelf pressure gradient develops to oppose the cross-

shelf wind stress, and transport in the direction of the wind stress near the surface

14



is balanced by a return flow in the lower portion of the water column (right side of

Figure 1-2).

y  

 

x   
Along-shelf wind Cross-shelf wind 

Figure 1-2: Cross-shelf circulation driven by along-shelf (left) and cross-shelf (right)
wind stresses. Grey region indicates inner shelf, where surface and bottom boundary
layers overlap.

Though continental shelves are typically stratified for much of the year, the inner

shelf response to cross-shelf winds in stratified conditions is still unclear. South

of Martha’s Vineyard, MA, Fewings et al. (2008) noticed a more strongly sheared

cross-shelf circulation during summer, when that field site is typically stratified, but

Fewings et al. did not have density data to accompany the velocity measurements.

Tilburg’s (2003) model was initialized with stratification, but the wind stress mixed

density and momentum to the same depth. All circulation was confined to the surface

mixed layer so the water column was never stratified on the inner shelf (water depths

shallower than the surface boundary layer thickness).

This thesis is motivated by the recent realization of the importance of cross-shelf

winds at driving cross-shelf transport on the inner shelf combined with

1. the knowledge that this process occurs on stratified shelves (such as in summer-

time at Martha’s Vineyard)

2. a near complete absence of observations of the phenomenon in stratified condi-

tions, and

3. a lack of any model predicting how such an interaction might develop.
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This thesis investigates the effect of stratification on the inner shelf. Observations

from the inner shelf south of Martha’s Vineyard, MA and a numerical model are used

to answer these questions:

1. How does stratification affect the vertical structure of the suspended sediment

load?

2. How does stratification alter the inner shelf response to cross- and along-shelf

wind stresses?

3. Which environmental factors determine the efficiency of cross-shelf wind at driv-

ing cross-shelf transport?

4. How does a stratified inner shelf develop?

The purpose of each chapter is outlined below.

Chapter 2: The data set

Chapter 2 describes the data sources for analyses in Chapters 3 and 4, and provides

an overview of the measurements made on the inner shelf south of Martha’s Vineyard,

MA.

Chapter 3: Height of sediment resuspension

On the inner shelf, cross-shelf circulation often flows in one direction near the surface

and the opposite direction near the bed so the height to which sediment is resuspended

will affect how far and in what direction it is transported. While it is well established

that stratification is a key factor in understanding sediment dynamics in estuaries and

river plumes, far less attention had been paid to the effect of stratification on sediment

resuspension height on the continental shelf. Using acoustic backscatter intensity from

an ADCP as a proxy for sediment concentration, Chapter 3 describes the effect of

stratification on the vertical structure of suspended sediment concentration on the

inner shelf.
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Chapter 4: Observations of circulation

Prior to this investigation, Fewings et al. (2008) and Tilburg (2003) both demon-

strated that cross-shelf winds generate stronger circulation than along-shelf winds on

an unstratified inner shelf by driving surface transport in the direction of the wind

stress, which is balanced by a pressure-gradient driven return flow lower in the water

column. In addition, it has been established that stratification increases the efficiency

of along-shelf wind at driving cross-shelf transport on the inner shelf. Chapter 4 uses

field measurements of velocity, density, and wind stress from the inner shelf south

of Martha’s Vineyard, MA, to describe the effect of stratification on wind-driven,

cross-shelf circulation and the variation of that effect with water depth, strength of

stratification, and wind direction.

Chapter 5: A model of circulation

To resolve the discrepancy between our observations (Chapter 4) and previous mod-

eling work (Tilburg, 2003), in Chapter 5, an idealized, 2D, cross-shelf transect in a

numerical model (ROMS) is used to describe the effects of stratification, wind stress

magnitude, surface heat flux, cross-shelf density gradient, and wind direction on the

inner shelf response to the cross-shelf component of the wind stress. These factors

are all present in the field but difficult to isolate in the observations.

Chapter 6: Conclusion

Chapter 6 discusses connections between the three scientific chapters and concludes

with a summary of key results.
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Chapter 2

The SWWIM experiment and the

inner shelf south of Martha’s

Vineyard, Massachusetts

Chapters 3 and 4 of this thesis are based on observations from the inner shelf off the

southern coast of Martha’s Vineyard, MA. This chapter describes the data sets used

for these analyses and provides an overview of the hydrographic observations.

2.1 Field Program

The primary data set for this thesis is the group of six NSF funded SWWIM (Stratifi-

cation, Wind, and Waves on the Inner shelf of Martha’s Vineyard) study that included

six deployments south of Martha’s Vineyard, an island off the coast of Massachusetts

(Figure 2-1(a)). Observations were made at four sites in 7, 12, 17.5, and 27.5 meters

water depth, located 0.4, 1.5, 3.8, and 11.1 kilometers from shore, respectively. Moor-

ings measured temperature and salinity throughout the water column while collocated

tripods held pressure sensors and upward-looking Acoustic Doppler Current Profil-

ers (ADCP) that provided velocity and acoustic backscatter measurements. We also

use the continuously available data from the Martha’s Vineyard Coastal Observatory
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node for ADCP velocity, backscatter, and wave statistics and the Shore Mast and

Air-Sea Interaction Tower (ASIT) for wind stress. Finally, three optical backscatter

sensors provided data from one winter deployment at the 17-m site. Figure 2-1(a)

shows the location of the field site on the US east coast and 2-1(b) shows the instru-

ment location relative to Martha’s Vineyard. In 2-1(b), color represents water depth

and shows relatively uniform bathymetry in the along-shelf direction.

2.1.1 SWWIM hydrographic data

The six SWWIM deployments each span four to six months and are separated by one

or two months. The first deployment, SWWIM2, started in October 2006 and the

last deployment, SWWIM7, ended in February 2010. SWWIM1 was the pilot study

and is not included here. The instrument turnaround times varied between sites, but

the timing of the deployments roughly followed the schedule in Table 2.1.

Table 2.1: Schedule of SWWIM deployments
Deployment Start Date End Date

SWWIM2 Oct. 06 Apr. 07
SWWIM3 Apr. 07 Oct. 07
SWWIM4 Oct. 07 Apr. 08
SWWIM5 Apr. 08 Nov. 08
SWWIM6 Nov. 08 Jun. 09
SWWIM7 Jun. 09 Feb. 10

Each SWWIM deployment included tripods in 7, 17.5, and 27.5 m water depth

and moorings at 7, 12, 17.5, and 27.5 m depth along a cross shelf transect from two

to twelve kilometers offshore (See Figure 2-1). The tripods each held an upward

looking RDI WorkHorse Acoustic Doppler Current Profilers (ADCP) and a Seabird

SEAGAUGE pressure sensor, and a Seacat CTD. The ADCP at 7 m had a frequency

of 1200 kHz and measured in 0.25 m bins starting at 1 meter above the bed (mab).

The ADCPs at 17 and 27 m were 600 kHz units and measured 0.5 m bins beginning

at 2.25 mab, with reliable measurements ending at roughly 10% of the nominal water

depth below the surface. Moorings near the tripods measured temperature roughly

every 2.5 m throughout the water depth with alternating SeaBird MicroCats and
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(a) US east coast with field site indicated in red, map made
by USGS Map-It http://woodshole.er.usgs.gov/mapit

(b) Martha’s Vineyard

Figure 2-1: Maps of field site and instrument locations. In (b), the colorbar indicates
water depth; red squares locate the MVCO mast, node, and tower; Black diamonds
represent TS moorings and blue triangles represent ADCP tripods.
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Onset TempPros. The MicroCats also measured conductivity at their 5 m spacing.

The ADCPs also provided acoustic signal strength data for each bin with dependable

results starting at 1.25 mab at the 7-m site and 2.75 mab at the deeper sites. The

ADCPs collect data at 1 Hz for 5 minutes out of every twenty and record only the burst

averages while calculating and recording wave spectrum data at 2 Hz for 10 minutes

every four hours. The MicroCats sampled every 1.5 minutes and the TempPros

sampled every 10 minutes. All temperature and conductivity data are interpolated

onto the ADCPs twenty minute time base.

2.1.2 MVCO

The MCVO node continuously collects 2 Hz velocity and backscatter data from 12

m water depth in 0.5 m bins starting at 2.5 mab. There, the upward looking ADCP

also estimates wave height, direction, and spectrum. The MVCO ASIT (Air-Sea

Interaction Tower) provides temperature and conductivity at four depths in 15 m

water as well as wind velocity measurements that we use to estimate wind stress from

a bulk formula. Winds stress data also comes from the MVCO mast on South Beach

on Martha’s Vineyard, just onshore of the hydrographic array. These instruments

are cabled to shore and collect data continuously. The MVCO data is provided as 20

minute averages. Data available online at www.whoi.edu/mvco/

2.1.3 SWWIM sediment data

Three Aquatec 200TY turbidity meters were deployed on the 17-m mooring on

SWWIM6. They were located at 5, 7, and 13 meters above the bed and all sam-

pled at 8 Hz for one second every 20 minutes, recording only the burst averages.

On SWWIM5 and SWWIM6 cruises, bottom sediment samples were collected with

a Van Veen grab sampler from the R/V Tioga. On September 11, 2008, three sam-

ples, roughly 100 m apart, were collected from each of the 7, 12, 27, 35, and 40-m

isobaths. On November 12, 2008, three samples were collected at each of the 7 and
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17-m isobaths. On January 1, 2009, three samples were collected from each of the 12,

17, and 27-m isobaths.

Optical backscatter sensors were also deployed on the 17 and 27-m moorings and

tripods during SWWIM5 and SWWIM6, but all except the three Aquatec OBS men-

tioned above failed to return useful data for reasons summarized below. During

SWWIM5 and SWWIM6, a Seapoint turbidity meter was deployed on each of the 17

and 27-m tripods at roughly 30 cm above the bed but the data quality was compro-

mised by too high and too low fixed gain cables and by extensive fouling. During

SWWIM5, three Aquatec 200TY Turbidity meters and one D&A Instruments OBS-

3A were also deployed on the 17 and 27-m moorings. The Aquatecs failed due to

a bug in the AQUAtalk200TY v1.05 software that would not record data if bursts

were programmed to last longer than one second.1 The alkaline batteries in the D&A

OBS-3A died before recovery and data was lost from the volatile memory. The D&A

OBS was destroyed in SWWIM6 when its lithium battery leaked.

2.1.4 Data from other sources

Several scientists involved with the nearby OASIS (Optics, Acoustics, and Stress

In Situ) project have shared their data. OASIS took place at the MVCO Node in

September or October of 2005, 2007, and 2009. Chris Sherwood provided bottom

grab sample grain size distributions from approximately 50 sites in coarse and fine

sand near the 12 and 16-m isobaths and Peter Traykovski provided a sonar survey

showing bottom sediment type over most of this study area. In the 2007 OASIS

experiment, Hill et al. (personal communication, 4 May 2010) used a LISST (Laser In

Situ Scattering and Transmissometery), DFC (digital floc camera), and video settling

column to measure particle size and fall velocity. During OASIS, an automated system

also collected in situ water samples at 1.2 mab in 12 m water depth. These data

collectively inform our decisions on appropriate fall velocities and critical bed shear

1Aquatec reports that the problem does not exist in the new version of their turbidity meter, the
AQUAlogger 210TY, and associated software.
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stresses for resuspension that are used in Chapter 3, section 3.7

2.2 The Setting

The inner shelf south of Martha’s Vineyard experiences strong semidiurnal tides,

synoptic scale wind and wave forcing and summertime stratification. The tides and

wind-driven circulation have been described in detail by Fewings et al. (2008) and

wave-driven flow is described by Lentz et al. (2008). We summarize those results here

and elaborate on stratification, sediment and acoustic backscatter. For the purpose

of describing seasonal variation, we define summer as April 1 to September 30 and

winter as October 1 to March 31. These definitions are based on the observations of

stratification described in section 2.2.2.

2.2.1 Bathymetry and bed composition

As shown in Figure 2-1, the bathymetry is relatively uniform in the alongshore direc-

tion for several kilometers around our transect. The cross-shelf bathymetry is shown

in more detail in Figure 2-2, below. However, the large-scale bathymetry alone does

not fully describe the shelf floor.

The bed of the inner shelf is characterized by rippled scour depressions of alter-

nating fine and coarse sand. These bedform features are hundreds of meters wide and

kilometers long and are mapped and described in detail by Goff et al. (2005) for a 5

km by 6.5 km area from the 8 to 18-m isobaths that includes our 7, 12, and17-m sites.

Bed samples from many locations around MVCO have been analyzed for grain size

distributions. Mean and RMS values are available in Goff et al. (2005) and complete

grain size distributions from Chris Sherwood (personal communication, 2 Sept 2008)

provide the typical grain size distribution in fine patches of 98-99% sand around 125

µm and 1-2% mud by weight. On the coarse patches, the sediment is >99% coarse

sand (125 - 1000 µm) with a small amount of mud. The 12-m mooring and 7-m

mooring and tripod were on coarse sand. The 17-m sites and the MVCO node fall
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Figure 2-2: Cross-shelf bathymetry. Yellow triangles indicate locations of upward
looking ADCPs, blue circles are location of ADCP velocity and backscatter mea-
surements, red circles are locations of temperature measurements, and red squares
indicate conductivity and temperature measurements.

in what Goff et al. mapped as a fine sand patch, however our tripods legs, mooring

anchors, and bottom grab samples consistently indicated a significant mud fraction

in the bed composition. The 27-m site is not on Goff et al.’s map but our bottom

grab samples showed fine sand and mud.

Bottom grab samples collected on three deployment or recovery cruises provide a

glimpse of the spatial and temporal variability of mud patches in areas of predom-

inantly fine sand. Tripods sometimes sank into mud and had mud on them when

recovered. Bottom grab samples from the 17-m and 27-m sites varied from all sand

to mud overlaying sand to sand overlaying mud all within the top 15 cm of the bed.

The order and thickness of the sand and mud layers varied between deployments

months apart, but also over the 100 m between each of three grab samples collected

along a single isobath at each mooring site. These sparse and anecdotal observations

do not fully describe the evanescent mud patches, but do provide a hint that the mud

patches vary over spatial scales of 100 m or less, and times scales of months or less.
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2.2.2 Local Forcing: Wind, Waves, Heat Flux

Wind and waves both vary on seasonal and synoptic scales, and both are larger in

winter than summer. Surface heat flux varies most on the expected daily cycle that

is superimposed on the same seasonal and storm specific variation as the wind and

waves. Daily average values of significant wave height, wind stress, and surface heat

flux spanning all SWWIM deplotments (October 2006 to February 2010) are shown

in Figure 2-3.
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Figure 2-3: Top row: Daily average wave height. Middle row: wind stress (eastward,
alongshore in black, northward and onshore in red). Bottom: surface heat flux, all
for October 2006 through February 2010.

Summertime wind stress, τ s, averages 0.01 Pa towards the northeast (|τ s| = 0.06

Pa with 0.08 Pa standard deviation), while average winter wind stress is 0.05 Pa

towards the east-southeast (|τ s| = 0.10 Pa with 0.13 Pa std). Histograms of winter

(left) and summer (right) wind stress magnitude and direction are shown in the top

row of Figure 2-4 and wind stress vectors averages over each month of the year are
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shown in the bottom row.

Wind stress magnitude is correlated with significant wave height (|R| = 0.54, >

99% confidence) with the highest correlation for northward (onshore ) wind stress (|R|
= 0.72, > 99% conf. for wind ±30◦ of North) and lowest correlation for southward

(offshore) stress (|R| =0.20, 98% conf. for wind ±30◦ of South) due to the short fetch

from the south side of Martha’s Vineyard to the node. Driven by larger wind stresses,

the waves are also typically larger and more variable in the winter with 1.1 m mean,

0.65 m std for significant wave height in the winter and 0.89 m mean and 0.42 m

std in the summer. The average wave period is 5.5 seconds in summer and 5.6 s in

winter. Winter and summer significant wave height and direction are shown in the

second row of Figure 2-4.

Surface heat flux is usually positive during the day and negative at night all year,

with daily averages of -64 W/m2 over the winter (Oct. - Mar.) and 121 W/m2 in

summer (Apr. - Sept.) The annual average is 40 W/m2. Figure 2-5 shows the average

daily cycle of surface heat flux for winter and summer as well as yearday averages

over our three-year data set.

2.2.3 Temperature and Salinity

With no major freshwater sources from Martha’s Vineyard, temperature is the main

control of stratification, especially in the summer. Salinity ranges from 31 in the

summer to 33 in the winter and spring, with up to a few tenths PSU variation in

the vertical. Temperature varies from near 0 ◦C in the winter to over 20 ◦C in the

summer with several degrees variation in the vertical typical in summertime (Figure

2-6). At the 7-m site, one or two degrees difference is common and at the 27-m

site the difference stays over 2 degrees nearly all summer peaking near 10 degrees

(Figure 2-7). This thermal stratification varies over tidal, daily, and synoptic scales.

Fewings and Lentz (2011) describes the heat budget at MVCO and how, on seasonal

time scales, advection due to upwelling balances the summertime surface heat flux.

In the summer, at the 7 and 12-m sites, mixed and stratified water pass by every
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Figure 2-4: Histograms of direction for wind stress (top row) and dominant wave
direction (second row) with color indicating distribution of wind stress magnitude
(Pa) and significant wave height (m) for winter (left) and summer (right) conditions.
Bottom row shows vectors of monthly average wind stress (Pa) at the ASIT.

tidal cycle while the 17 and 27-m sites remain stratified over the entire tidal cycle.

Fall storms mix the entire water column at all four sites and wintertime storms and

surface cooling keep the temperature vertically uniform until spring. Figure 2-6 shows

typical winter (left) and summer (right) temperatures at 7, 12, 17, and 27 m water

depth for one week each in February and July 2008. Note the different winter and

summer temperature scales.

In the summer, there is a large cross-shelf variation in the structure of the stratifi-
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Figure 2-5: Average daily cycle of surface heat flux for winter (blue) and summer
(red) in on the left. Yearday averages (red) overlaying three years of surface heat flux
data (blue) on the right.

cation, which can be seen in the temperature plots in the right column of Figure 2-6.

At the 7-m site, the temperature throughout the water column varies with the tide,

and the stratification appears and disappears each cycle. The strong tidal currents

mix much of the water column at this shallow depth. The 12 and 17-m sites show in-

creasing stratification that is still occasionally mixed away. At the 27-m site, there are

tidal fluctuations in the height of particular isotherms, but the stratification persists.

Figure 2-7 shows the full time series of top-to-bottom temperature differences. All

four sites show near-zero vertical variation in temperature in the winter and increas-

ing stratification throughout the summer. The maximum (summertime) temperature

difference is smallest at the 7-m site and largest at the 27-m site. The 27-m site and

to a lesser extent, the 17-m site, does not fully mix for several consecutive months in

the summer.

Several methods of defining the summer season and stratified conditions yield

similar results. Figure 2-8 shows a three year time-series of the top-to-bottom tem-

perature difference at the 17-m mooring. Vertical black lines indicate April 1st and

October 1st of each year, which we’ve used to divide summer and winter seasons. Red

dots indicate times when the water column is stratified (∆T > 0.1◦C/0.5m somewhere
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(a) winter (b) summer

Figure 2-6: Temperature from all four mooring sites for a typical week in winter and
summer.

in profile, as defined in Chapter 3, section 3.5). Time series from other mooring sites

(not shown) have similar seasonal transitions.

Differences in temperature and salinity between the highest and lowest CTDs were

compared to the resulting density difference. Multiple regression analyses show that

variances in stratification predicted from vertical temperature differences are two to

twenty times larger than the variances in stratification predicted from the regressions

of vertical salinity differences. Table 2.2 shows the variance of stratification and of

the regression predictions for stratification by temperature and salinity differences

at each of the 7, 12, 17, and 27-m sites. Regression slopes for temperature, T, and

salinity, S, are denoted bt and bs.

In winter, surface cooling and offshore advection of colder, shallower water over
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Figure 2-7: Time series of top to bottom temperature difference at 7, 12, 17, and
27-m sites.

Table 2.2: Variance of density difference and of regression predictions for density
difference by temperature and salinity difference

Site var(∆σθ) var(bt ∗∆T) var(bs ∗∆S)

7-m 0.0177 0.0104 0.0052
12-m 0.0303 0.0221 0.0048
17-m 0.1126 0.0906 0.0050
27-m 0.3790 0.2343 0.0272

deeper, warmer water leads to temperature inversions. These are either unstable

and soon mix away or can be maintained by stable salinity structure. However, the
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Figure 2-8: Time series of top to bottom temperature difference at 17-m site. Red
dots indicate times defined as stratified for analysis in Ch. 3, sections 3.5 and 3.6.
Vertical black lines mark April 1st and October 1st of each year, dividing summer and
winter seasons

stratification in these cases is still an order of magnitude smaller than summertime

thermal stratification with up to 0.05 - 0.1 kg/m3 top to bottom density difference

(N2 ≈ 10−5 to 10−4 s−2) due to salinity compared to 1 - 2.5 kg/m3 (N2 ≈ 10−3

s−2) from temperature at the 7 to 27-m sites. Our temperature data coverage is

higher resolution and more complete than for salinity so we use temperature in lieu

of density for analysis in Chapter 3 where we focus on times that are highly stratified.

In Chapter 4 we return to using the full density field, which allows us to estimate

the thermal wind shear from the cross shelf density gradient in the winter, when

cross shelf temperature gradient would predict the opposite direction shear from the

salinity gradient. Time series of stratification at the four mooring sites are shown in

Figure 2-9. Stratification is calculated from the slope of a linear fit to the density

measurements for times when two or more measurements are available at a given

mooring.

Cross-shelf gradients of surface density, ∆σθ/∆x (kg/m4), between three pairs of

moorings are shown in Figure 2-10. Note vertical axis limits are different for the

three time series. These density gradients are calculated using the topmost density

measurement at each mooring. Because the density data have gaps at different times
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at different moorings, ∆σθ/∆x values are sparser than the density measurements at

any one mooring alone. In Figure 2-10, the data are plotted as a function of yearday,

combining the full SWWIM time series to show a single annual cycle. The cross shelf

density gradient is generally positive in all seasons, but larger and more variable in

summertime. The largest gradients are found between the 7 and 12 m sites.

Figure 2-9: Time series of stratification at 7, 12, 17, and 27-m sites.
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Figure 2-10: ∆σθ/∆x (kg/m4) between adjacent moorings for all available data Oct
2006 - Apr 2010, as a function of yearday.

Table 2.3: Seasonal averages of cross-shelf gradients of surface density, ∆σθ/∆x,
between moorings

Moorings: 7 to 12-m 12 to 17-m 17 to 27-m
∆x: 600 m 2200 m 7500 m

Summer
2.4×10−4±1.4×10−6 4.1×10−5±7.3×10−7 1.1×10−5±1.8×10−7

(Apr. - Sept.)
Winter

1.7×10−5±8.4×10−7 4.5×10−5±2.5×10−7 1.1×10−5±7.6×10−8

(Oct. - Mar.)

All values are kg/m4

2.2.4 Circulation, tides and bottom shear stress

Tides on the inner shelf south of Martha’s Vineyard are dominated by the M2 con-

stituent. The major axis of the depth-averaged M2 tidal ellipses are roughly along-

isobath and have magnitudes of 18, 23, 20, and 16 cm/s at the 7, 12, 17, and 27-m

sites respectively. The minor (onshore) components have magnitudes of 1, 3, 4, and 8

cm/s. The full tidal circulation is slightly larger, reaching maximum speeds of 28, 35,
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33, and 31 cm/s at the 7, 12, 17, and 27-m sites. Tidal constituents were calculated

using T TIDE in MATLAB (Pawlowicz et al., 2002). A more detailed analysis of

tidal variability near MVCO is given by Shearman and Lentz (2004).

The depth averaged mean flow is thought to be at least partially due to tidally

rectified flow (Ganju et al., 2011). The annual mean is 2-3 cm/s westward at the

12, 17, and 27-m sites and slightly (0.7 cm/s) eastward at the 7-m sites. At all four

sites, the flow is more strongly westward in the summer than the winter, while the

standard deviations in the flow are larger in the winter (Table 2.4).

Table 2.4: Means and standard deviations of the eastward (roughly along-shelf),
depth-averaged, subtidal flow

Site Winter mean Winter STD Summer mean Summer STD

7-m 0.031 0.086 -0.026 0.059
12-m -0.017 0.078 -0.061 0.046
17-m -0.011 0.076 -0.047 0.047
27-m -0.0015 0.061 -0.079 0.056

All values are m/s

Over synoptic time scales, cross and along-shelf winds and waves drive circulation

of several centimeters per second. The standard deviations (see Table 2.4) of the

along-shelf subtidal flow are smaller than the standard deviation tidal velocities, but

the maximum values seen during storms are larger than the maximum tidal currents.

Maximum depth average velocities peaked at 94, 51, 50, and 44 cm/s at the 7 to 27-m

sites in storms during SWWIM.

The relative strengths and vertical structures of wind and wave driven circula-

tion during unstratified conditions are described in detail by Lentz et al. (2008) and

Fewings et al. (2008), respectively, and the effect of stratification on these types of

circulation is explored in Chapter 4 of this thesis. The summertime stratification

described in section 2.2.3 also allows internal tides to develop, adding to the vertical

structure of summertime wind and wave driven circulation.

For the sediment suspension discussed in Chapter 3, the most important feature

of the velocity is the bottom shear stress it generates. Both mean currents and

wave orbital velocities contribute to the bottom shear velocity, but their relative
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importance varies with water depth. Wave-, current- and wave-current-shear stresses

were estimated following Madsen’s (1994) iterative method. At 7 m depth, the wave

contribution is always larger. At 12 m, the current shear velocity is larger than the

wave shear velocity 5% of the time. At 17 m, the current shear velocity is larger than

the wave shear velocity 19% of the time. Finally, at 27 m, the current shear velocity

is larger a majority, 57%, of the time.
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Chapter 3

The effect of stratification on

sediment resuspension height

3.1 Introduction

The inner shelf is the region outside the surfzone where the upper and lower boundary

layers overlap. As the link between the surfzone and midshelf, the inner shelf plays

an important role in determining the fate of the sand and mud that pass through

it. Stratification is a common feature of many continental shelves and often extends

into the inner shelf, but observational studies have rarely captured the interaction

between sediment concentration and the thermocline on the shelf (Glenn et al., 2008

is one exception).

Stratification increases the shear in the cross-shelf circulation’s response to cross-

shelf winds (Fewings et al., 2008), along-shelf winds (Lentz, 2001), and waves (Lentz

et al., 2008). At the same time, stratification inhibits the vertical mixing that would

otherwise move momentum and particulate matter throughout the water column.

The combination of these two features makes it possible for stratification to affect the

net sediment transport by preventing suspended sediment from reaching the upper

part of the water column where the cross-shelf flow may be in the opposite direction

from the lower part of the water column (Fewings et al., 2008).

37



This chapter takes aim at one part of the larger problem of understanding sediment

transport on the inner shelf. We focus on the effect of stratification on the vertical

structure of suspended sediment. This observational study is based on a cross-shelf

transect from the inner shelf south of Martha’s Vineyard, MA, near the Martha’s

Vineyard Coastal Observatory (MVCO). Three years of moored current, temperature,

conductivity, acoustic and optical backscatter, wave and wind measurements spanning

a wide range of weather conditions provide the opportunity to demonstrate the effect

of stratification on height of sediment resuspension (section 3.5) and test if a steady,

one dimensional model (section 3.6) can predict sediment resuspension height from

measured velocity, wave, and stratification data.

3.2 Background

Large waves from winter storms are the main cause of sediment resuspension on the

shelf and the strong currents associated with the same storms generate the highest

suspended sediment flux (Cacchione et al., 1987; Wright et al., 1991; Cacchione et al.,

1999), but half of suspended sediment transport on the inner shelf may happen during

fair weather (measured: Wright et al., 1991; Sherwood et al., 1994; modeled: Styles

and Glenn, 2005). While Traykovski et al. (1999) concluded that bedload dominates

cross-shelf transport for medium to coarse grain sediments (D50 = 400µm), the same

may not be true for shelves with fine sand or mud, which suspend more easily. The

inner shelf can exhibit periodic (Crockett and Nittrouer, 2004; Goff et al., 2005) or

seasonal (Traykovski et al., 2007) mud deposits, which resuspend more easily than

sand. The ease with which mud can be resuspended makes it more likely than fine

sand to be affected by seasonal stratification and its long settling time makes its be-

havior more relevant than that of sand to applied environmental problems including

pollutant dispersal and deposition, larval transport, and prediction of optical proper-

ties for naval and scientific marine operations.

On and off the shelf, sediment-induced stratification has been an active topic
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of research for many years (Adams and Weatherly, 1981; Glenn and Grant, 1987;

Villaret and Trowbridge, 1991; Winterwerp, 2001) and in estuaries, stratification by

temperature and salinity is a key factor in understanding sediment dynamics (Geyer,

1993; Scully and Friedrichs, 2003). However, the effect of temperature- and salinity-

based stratification on the height of sediment resuspension on the continental shelf

has been observed only occasionally (Souza et al., 2001; Chang et al., 2001; Glenn

et al., 2008) and only on the mid-shelf during hurricane passage over a seasonal

thermocline. As a result, the effect is sometimes neglected in models of sediment

resuspension. For example, in their two-dimensional numerical model for cross-shelf

transport of suspended sediment, Harris and Wiberg (2001) chose to omit effects

of stratification in favor of the computational speed and simplicity from decoupled

velocity and sediment calculations. The model is assumed to effectively represent

most transport events on the shelf because temperature and salinity in the bottom

boundary layer are usually well mixed during winter storms. However, even when

stratification begins above a bottom boundary layer, it can still limit turbulence and

reduce eddy diffusivity within the well-mixed lower part of the water column, as

observed by Scully and Friedrichs (2003) in an estuarine context.

One recent project does provide particularly relevant results for this study. Glenn

et al. (2008) found that in summer, the seasonal stratification limits midshelf sed-

iment resuspension to below the pycnocline, even during hurricanes. Using optical

backscatter from gliders, Glenn et al. observed three regimes of sediment resuspen-

sion during stratified, unstratified, and transitional storm events on the New Jersey

shelf. In the mixed event, sediment was suspended throughout the water column

while in the stratified event, it was limited by the thermocline that began 20 m below

the surface in 40-50 m water depth. Temperature and optical backscatter profiles

throughout the transitional event showed a clear progression from resuspension being

capped by stratification to the thermocline being mixed away and backscatter be-

coming large and uniform over the entire water depth. Glenn et al.’s vertical profiles

of optical backscatter ratio also show a transition from values of ws/u∗, the ratio of
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sediment fall velocity to bottom shear velocity, in line with sediment suspension by

wave-current interaction to values too high for bottom stress to be the sole source of

turbulence, suggesting that surface wind mixing had penetrated throughout the water

column to interact with the bottom boundary layer. In October 2005, Glenn et al.

(2010) also observed a stratified and a mixed resuspension event south of Martha’s

Vineyard. These glider tracks passed over 25-45 m water depth at 20-70 km south of

the island.

These optical glider observations are an excellent complement to our acoustic

bottom-mounted ones and both types of observations provide long time series, en-

abling them to capture a wide range of conditions in a single deployment. The glider

has the advantage of mobility, providing observations with high horizontal resolution.

However, the horizontal and temporal progressions are linked and blur the distinction

between spatial and temporal variability on the scales of inner shelf bed composition

features. By contrast, the fixed acoustic measurements provide a better record of

changes in time but, of course, are limited to specific deployment locations.

3.3 Field Program

The primary data set for this project is from the group of six NSF funded SWWIM

(Stratification, Wind, and Waves on the Inner shelf of Martha’s Vineyard) deploy-

ments south of Martha’s Vineyard. The three and a half year data set is described

in detail in Chapter 2 of this thesis. This chapter uses observations from three sites

in 12, 17.5, and 27.5 meters water depth, located 1.5, 3.8, and 11.1 kilometers from

shore, respectively. The 7-m site did not have enough instances of concurrent strat-

ification and waves to be significant in later analyses so will not be shown in this

chapter. Moorings measured temperature and salinity throughout the water column

while collocated upward-looking ADCPs provided velocity and acoustic backscat-

ter measurements. We also use the continuously available data from the Martha’s

Vineyard Coastal Observatory node for wave statistics and Shore Mast and Air-Sea
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Interaction Tower (ASIT) for wind stress. Finally, three optical backscatter sensors

provided data from one winter deployment at the 17-m site. Figure 2-1(a) shows the

location of the field site on the US east coast and Figure 2-1(b) shows the instrument

site locations relative to Martha’s Vineyard.

3.4 Data Processing

3.4.1 Backscatter intensity from received ADCP echo inten-

sity

In this Chapter, ADCP acoustic return is used to infer suspended sediment concen-

tration. To relate the Received Signal Strength Indicator (RSSI) from an ADCP,

E, to suspended sediment concentration, SSC, we compute an acoustic backscatter

intensity variable, Sv, that is representative of only the particles suspended in the

water. We follow Gostiaux and van Haren’s (2010) formulation of volume backscat-

tering strength, sv as the appropriate form of the sonar equation derived by Urick

(1983).

sv =
(

10
KcE
10

(1)

− 10
KcEr
10

(2)

)
×R2

(3)

× 10
2αR
10

(4)

×
(
T + 273.16

L× P

)
(5)

× Const.
(6)

(3.1)

In terms (1) and (2) of equation 3.1, E is the ADCP received echo intensity and

Er is error from the internal instrument noise floor. Both are recorded by the ADCP

in counts. The single minimum value recorded by each beam during each deployment

is used as Er, and this value comes from a time when the ADCP was out of the

water at the beginning or end of each deployment. This value is substituted for the

Er value provided by a built-in test of the ADCP because the instruments were not

available at the time of data processing. The Er values range from 38 to 56, all

near the example values of 40 - 43 given in the WorkHorse manual and below the

limit for noise of 59 set by RDI. Errors within the range of the Er estimates would
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only skew the results at times of very low backscatter, which is unlikely to be when

there is suspended sediment. Both E and Er are multiplied by Kc, a beam-specific,

manufacturer supplied value for the decibels/counts ratio. Since Kc ∗E and Kc ∗Er
are in decibels, the subtraction must be done in log space 10(KcE/10) − 10(KcEr/10).

Term (3) represents spherical beam spreading with R equal to along-beam dis-

tance from the transducer to the center of the sample volume. Term (4) is sound

absorption by water and sediment, with α = αwater + αsed as the water and sediment

absorption coefficient. αwater is calculated following Urick (1983). Following Hoitink

and Hoekstra’s (2005) implementation of Urick’s (1948) formula for sound absorption

by suspended sediment, αsed is estimated for a ranges of particle sizes (10 - 150 µm)

and sediment concentrations (1 - 1000 mg/L) typical of the inner shelf. Absorption

by sediment is estimated to be two to four orders of magnitude smaller than the

sound absorption by water so αsed is omitted in the calculation since the sediment

concentration is unknown a priori.

Term (5) represents transducer power variation. T is transducer temperature in

Celsius, L is transmit signal length in meters and P is transmit power in Watts. The

time-varying transmit power, P , is not known so the nominal values of 16 W for the

1200 kHz ADCP and 37 W for the 600 kHz ADCP given by the WorkHorse Technical

Manual are used instead. There is one more unknown constant term (6) that includes

instrument specific values that are time- and depth- independent such as transducer

efficiency (Deines 1999, Eqn. A-8).

The volume backscattering strength, sv, includes sound reflected by sediment as

well as any other particles suspended in the sample volume so sediment concentra-

tion, SSC, is given by equation 3.2 where the total backscattering strength, sv,total is

calculated from sv in equation 3.1, and C1 and C2 are empirical constants.

SSC = C1sv,total − C2sv,other (3.2)

If the water was perfectly clear, with no sediment or other acoustic reflectors, we
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would find E = Er from equation 3.1 and SSC = 0 from equation 3.2. Backscat-

ter strength often varies over many orders of magnitude, so it is common to use

logarithmic units for backscatter intensity, Sv, instead of linear ones.

Sv = 10 log10 sv (3.3)

The conversion shown in equation 3.3 is mathematically sound so long as E 6= Er.

Taking the log of both sides of equation 3.1 results in a logarithmic backscatter

intensity, given by equation 3.4, where numbered terms are the same as equation 3.1.

Sv = 10 log10

(
10

KcE
10

(1)

− 10
KcEr
10

(2)

)
+ 20 log10R

(3)

+ 2αR

(4)

+ 10 log10

(
T + 273.16

L× P

)
(5)

+ C

(6)

(3.4)

Constant C now also includes the normalization constants to nondimensionalize

the terms inside the logs. Because C is instrument specific, we only compare absolute

Sv values from a single ADCP in the following analyses while vertical variation in Sv

can be compared between instruments. The terms are listed in order of importance

in determining Sv. The variation in size of the terms over the range of water depths,

temperatures, and echo intensities are 60 dB for (1) and (2) combined, 30 dB for (3),

10 dB for (4) and 0.5 dB for (5)

For the 17, and 27-m sites, the backscatter intensity is calculated separately for

each of the four ADCP beams and the median value is selected. The signals from the

four beams all have correlation coefficients over 0.9 and regression slopes between 0.9

and 1.1 at the 95% confidence level (See Appendix 3.A), implying that the variation in

sediment concentration is small over the scale of beam separation, which approaches

20 m near the surface above the deepest ADCP.

This Sv represents the total backscatter intensity, including the contribution from

non-sediment scatterers in the water such as organic matter, zooplankton, bubbles, or

any surface return signal reaching below the top ∼10% of the nominal water depth.

Data from the top 10% of the water depth have a high return from surface reflection
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and are not used. As a first step towards isolating the backscatter contribution from

sediment, we remove the noise level that is the minimum in-water value of computed

Sv. The results in section 3.5 and 3.6 are qualitatively unchanged from using the

full Sv by removing the minimum value or the 1st percentile value. Our backscatter

variable becomes

Svnew = 10 log10

(
10

Sv,old
10 − 10

min(Sv,old)
10

)
(3.5)

In windy conditions, bubbles in the upper portion of the water column generate

a backscatter intensity signal of similar order of magnitude to a large sediment re-

suspension event near the bed. Sv at 3 m below the surface and daily wind stress

magnitude are well correlated (R and 95% interval at 12, 17, 27-m sites are 0.52±0.04,

0.84±0.02, 0.82±0.02). Since waves and wind often occur together, it is sometimes

hard to distinguish where the signal from sediment ends and that from bubbles be-

gins. Since the only source of sediment is the sea floor, if we assume that lateral

advection of sediment concentration gradients are small and that the system can ad-

just to a steady state in the time between our measurements (section 3.6.2), then it

follows that the sediment concentration should never increase upwards. Above the

height of a mid water column backscatter minimum, we do not expect the measured

backscatter signal to primarily represent sediment.

3.4.2 Optical backscatter calibration to suspended sediment

concentration (SSC)

Optical backscatter sensors were deployed for one wintertime SWWIM deployment

and provide a second means of measuring suspended sediment concentrations. Opti-

cal backscatter is linearly proportional to suspended sediment concentration for any

one particle size or for a fixed particle size distribution (D&A Instrument Company,

2005; Lynch et al., 1994). However, the bed composition at this field site is highly

variable in space and in time. Because of this variability, a near-bed reference concen-

tration formula (such as those explained in Cacchione et al., 2008) cannot be used to
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accurately predict the bed sediment availability at any particular time, so we cannot

extrapolate upwards to predict the particle size distribution at the height of ADCP

measurements at 2.75 mab and above. Still, calibration with bottom sediment is use-

ful for several reasons. First, it demonstrates that the OBS used for this project do

respond in a linear way to increasing concentrations of a fixed grain size distribution.

Second, it provides a regression to compare measurements from different instruments

on the same scale. Third, D&A Instruments reports that their OBS sensitivity to

particle size scales with 8.3D−0.6, where D is diameter (D&A Instrument Company,

2005). Over the range of 16 µm to 125 µm diameters typical of this field site, the

sediment concentration predicted from a particular OBS voltage response would only

vary by a factor of four. If other brands of OBS behave similarly to the D&A In-

struments, then after calibrating with sediment that is a mixture of fine sand and

mud, sediment concentration should be predicted from field measurements to within

a factor of four.

In contrast to this commonly accepted principle of the optical backscatter to mass

ratio varying with particle size, recent laboratory (Boss, personal communication, 4

May 2010) and field measurements (Boss et al., 2009; Hill, personal communication, 4

May 2010) suggest that for a fixed sediment grain population that is flocculated and

unflocculated, the optical backscatter to SPM (suspended particle mass) ratio is much

less variable than previously expected and relatively insensitive to aggregate size over

the typical range of sizes. These results imply that optical instrument calibrations

may not require the exact particle size distribution of the field measurements to be

usefully accurate.

The five OBS deployed during SWWIM were later calibrated in a bucket using

sediments grab-sampled from the bed of the 17-m site. Hill et al.’s (personal commu-

nication, 4 May 2010) optical and in-situ water samples suggest the suspended load

near MVCO is primarily composed of mud flocs but the vigorous stirring needed to

keep the sand fraction of our sediment samples suspended would not have allowed

flocs to form during our bucket calibration. Calibration curves are shown in Appendix
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?? and their results are used qualitatively in section 3.6.

3.4.3 Comparing Acoustic to Optical Backscatter

Acoustic backscatter intensity scales linearly with the log of suspended sediment con-

centration, SSC, (Thorne et al., 1993; Thorne and Hanes, 2002) for a particular grain

size or fixed grain size distribution. In this project, the SSC comes from calibrated

optical backscatter and we temporarily ignore potential spatial and temporal vari-

ation in the suspended sediment grain size distribution that would vary this linear

relationship. The moored OBS, described above in section 3.4.2, were used to cali-

brate the ADCP backscatter intensity. A regression of the three OBS deployed on the

17-m mooring against the nearest ADCP bins is shown in Appendix ??. The ADCP

backscatter signal is correlated with the OBS signals, supporting the idea that the

ADCPs are measuring sediment. Because we are not confident that the OBS cali-

bration accurately represents field sediment concentration, we use the OBS-ADCP

regression to confirm that the acoustic data is qualitatively reasonable, but do not

further use the resulting regression coefficients.

3.5 Observations

The inner shelf south of Martha’s Vineyard has strong semidiurnal tides, synoptic

scale wind and wave forcing, and summertime stratification. The tides and wind-

driven circulation have been described in detail by Fewings et al. (2008) and wave-

driven flow is described by Lentz et al. (2008). We summarize those results and

elaborate on bathymetry, bed composition, wind, waves, surface heat flux, and strat-

ification in Chapter 2 of this thesis.

Backscatter intensity and temperature measurements are used here to demonstrate

the capping effect of stratification on sediment resuspension height. Time-series from

two storm events with similar wind and wave conditions illustrate this phenomenon

and mean profiles over various wave and stratification criteria confirm it.
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As described in section 3.4.1, the Sv calculation ignores an unknown, instrument-

specific constant. Sv values from different ADCPs cannot be compared directly, while

variation in Sv in depth or time can be. Specifically, a single ADCP was used at each

of the 17 and 27-m sites for SWWIM 2, 3, 5, 6, and 7. The ADCPs were acciden-

tally swapped for SWWIM 4, so this deployment is omitted from calculations using

absolute Sv in section 3.5.2. SWWIM4 is included in section 3.5.3 and subsequent

sections that use ∆Sv, the value relative to the ADCP bin 2 value. The second

ADCP bin is used as the reference level rather than the lowest because for all ADCPs

the backscatter intensity at the lowest bin shows an unexplained and nonphysical

decrease relative to the adjacent bin above. The error is visible at the bottom edge

of the top two plots in Figure 3-1.

3.5.1 Example of two synoptic events

Two resuspension events from the 27-m site in fall 2008 demonstrate both the effect

of stratification on the height of sediment resuspension and some of the limitations

of this data set. Figure 3-1 shows, on the left, an event in September that occurred

during a time when the water was stratified and, on the right, an event in October

when the water was well-mixed. These events are good examples because the wind

and wave conditions were so similar. Both had 4 m waves with 7 s periods and strong

wind stresses of 0.5 Pa, which peaked earlier than the wave heights. Both events

span 2.5 days. The top row shows acoustic backscatter from the ADCP. The strong

surface signal from bubbles is apparent during both events but generally is separate

from the sediment signal originating from the bottom. The second row of Figure 3-1

shows temperature. On the left the water is always stratified with 3 ◦C difference

between top and bottom. Even during the peak wind stress when the upper portion

of the water column becomes mixed, the bottom few meters of water remain several

degrees cooler than the surface. On the right, the temperature is nearly uniform in

depth and time. The variation is usually less than 0.03 ◦C, which is roughly the limit

of the instrument measurement accuracy. The black dots in both temperature panels

47



show, if it exists, the height where the temperature reaches 0.1 ◦C warmer than the

bottom. The third and fourth rows of Figure 3-1 show significant wave height and

wind stress magnitude.

(a) Stratified event (b) Mixed event

Figure 3-1: Top to bottom, backscatter intensity, temperature and mixed layer thick-
ness, significant wave height and wind stress magnitude for stratified (left) and un-
stratified (right) events in the fall of 2008

In both events, the wind preceded the waves, and a near-surface backscatter inten-

sity signal from bubbles preceded the near-bed signal from sediment. At the peak of

the stratified event on the left, the backscatter intensity drops an order of magnitude

(10 dB) over the bottom seven meters of the water column. During the mixed event,

on the right, the top of the first peak is obscured by surface signal, but at the sec-

ond peak, the backscatter intensity signal takes 14 m to drop an order of magnitude.

The difference between the heights of decay of the backscatter signals in these two

events demonstrates that stratification can limit the height of sediment resuspension.

The concurrence of waves with wind, which causes bubbles and a stronger surface
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reflections signal, does limit our ability to isolate the backscatter signal from sedi-

ment. The September event also provides an example of a signal we believe to be

from zooplankton. On September 8, at around 15 m elevation, a patch of increased

backscatter appears, apparently unconnected to any bottom or surface source. This

signal persists around 10 m below the surface and is consistent with the behavior of

zooplankton, as observed with acoustic backscatter by Baumgartner and Fratantoni

(2008).

3.5.2 Stratification reduces backscatter, independent of wave

height

Backscatter intensity throughout the water column tends to be lower in the summer

than winter (Figure 3-2) and at least two factors contribute to this difference. The

primary reason for the seasonal change is the tendency for smaller waves, which

suspend less sediment, to occur in the summer and larger waves that suspend more

sediment to occur in the winter. Another reason is that stratification tends to develop

in the summer and it limits the mixing that moves sediment up away from the bed.

Figure 3-2 shows average summer (Apr - Sept) and winter (Oct - Mar) backscatter

intensity profiles from the 12, 17, and 27-m sites. All three sites show lower average

signal in summer than winter, with a 5 dB difference at the 17-m site and a 2 dB

difference at the 12 and 27-m sites. The larger difference between winter and summer

at the 17-m site is notable and possibly an indication of the different sediment types

on the sea floor, which will be discussed again later.

To separate the seasonal trend in wave energy from the effect of stratification on

backscatter intensity, we compare backscatter profiles from stratified and unstratified

times that are averaged over periods of similar wave heights. Figure 3-3 shows profiles

of backscatter intensity from the 12, 17, and 27-m sites. The horizontal axis is acoustic

backscatter in decibels and the vertical axis is height above the bed. Dashed lines

represent averages from times when there was stratification somewhere in the water
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Figure 3-2: Average summer (red) and winter (blue) Sv profiles at 12, 17, and 27-m
sites.

column and the solid lines are averages from times when the temperature was uniform.

The criterion for stratification is an increase of 0.1 ◦C over 0.5 m increase in height

occurring anywhere in the water column. Unstratified profiles have less than 0.5 ◦C

change over the entire water depth. Within each group of profiles, color represents

wave height, ranging from less than half a meter up to greater than two meters

significant wave height. To reduce the signal from bubbles at the surface, only times

with wind stress magnitudes less than 0.03 Pa are included here. To ensure sediment

was in suspension, backscatter intensity at 2.75 mab is required to be above the

median value for that elevation.

Two important observations are evident in Figure 3-3. First, within each group,

stratified or unstratified, the shape of the backscatter intensity profile does not change

with wave height. For the unstratified conditions, the waves shift the overall magni-

tude up or down a little, but the shape stays the same. Variation with wave height

between stratified profiles is not significant at the 95% confidence level. The fact

that only magnitude, but not shape, changes with wave height is consistent with the

theory that will be described in section 3.6, where a steady balance between sediment
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Figure 3-3: Average backscatter intensity (dB) profiles for times when the water
column was well-mixed (solid lines) or stratified (dashed). Color indicate wave height,
from less than 0.5 m to more than 2.0 m.

settling and turbulent mixing determine the shape of the concentration profile, while

the magnitude is set by a bottom reference concentration that is partially based on

wave shear stress.

Second, stratification causes an overall decrease in backscatter intensity and, in

particular, a faster decrease in sediment with distance up, away from the bed. The

combination of these two features means that the seasonal trend of seeing less resus-

pension in the summer when the water is stratified is not just the effect of smaller

waves occurring in the summer, but actually an effect of the stratification. The strat-

ified profiles from the 17-m site show a larger separation from the unstratified profiles

than those at the 12 or 27-m sites. One explanation is that the sediment available on

the bed at the 17-m location is a finer particle size than at the other two locations

and more susceptible to the limiting effect of stratification. This mud hypothesis

could also possibly rationalize why the 17-m site show the unexpected behavior of

maintaining a large difference between stratified and unstratified profiles even at the

lowest wave conditions. In the limit of no waves, we expect no resuspension, so there

is not a reason to expect different backscatter values for stratified or unstratified no-

wave conditions. However, mud is very easy to resuspend and settles slowly so even

times with waves less than 0.5 m shown by the blue lines in Figure 3-3, could have
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mud present in suspension.

3.5.3 Height of resuspension follows mixed layer thickness

Now that the effect of stratification reducing sediment resuspension has been estab-

lished, the bottom mixed layer thickness is compared to vertical structure of the

backscatter intensity profiles. In other words, we compare the height above the bed

where stratification begins to the height of sediment resuspension. Subtracting the

second ADCP bin value from each profile collapses the variation in magnitude seen

between wave heights in section 3.5.2. Then we can average together stratified profiles

from all wave heights.

In Figure 3-4, profiles of temperature are in red, shown as differences from the

bottom measurement. Profiles were selected for having specific mixed layer thick-

nesses, where the mixed layer is defined as having less than 0.1 ◦C difference from the

bottom temperature. Cutoff elevations depend on the heights of the deployed tem-

perature sensors. For the 17-m site in the middle panel, these thicknesses vary from

5 up to 13 mab, shown in the five panels from left to right. Mixed layer thicknesses

of 4 to 10 mab are shown in four panels each for the 12 and 27-m sites in the top

and bottom row respectively. Only four panels are shown for the 27-m site because

bottom mixed layer thicknesses above 10 mab did not provide statistically relevant

data. Backscatter profiles averaged over the same groups of times are shown in blue.

Like the temperature profiles, the backscatter profiles are plotted as the change in

the signal compared to the lowest good bin in order to further collapse the slight

variation with wave height seen in Figure 3-3.

For all three sites in Figure 3-4, the slope of the backscatter profiles as they decay

away from the bed increases in the same order as the mixed layer thickness in the

temperature profiles. The ever-present signal from bubbles or surface reflection in

the upper part of the profiles should be ignored. This juxtaposition of temperature

and backscatter intensity demonstrates that stratification not only reduces mid water

column sediment concentrations (as shown in section 3.5.2), but also that as the
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Figure 3-4: Backscatter intensity (blue) and temperature (red) variation for varying
mixed layer thicknesses. Top, middle, and bottom rows shows 12, 17, and 27-m sites.
Black lines indicate bottom mixed layer thickness

mixed layer thickness increases the backscatter signal from sediment reaches farther

above the bed. For the 12 and 17-m sites, the backscatter reaches a minimum near

elevation where the temperature stratification begins. When the stratification is only

near the surface, like in the right-most panels for the 12 and 17-m sites, the profiles

begin to look like the unstratified cases shown by the solid lines of Figure 3-3, since

not much sediment gets up high enough to interact with the thermocline.
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Figure 3-5 shows the regression between mixed layer thickness and the height of

the minimum Sv value in the averaged profiles (like those plotted in Figure 3-4) for

the 17-m site. The correlation is R = 0.88 (95% confidence interval 0.71 - 0.95) with

a regression given by y = (0.67± 0.18)x+ (4.0± 1.7). The correlation between mixed

layer thickness and the height of the minimum Sv value is not significant at the 12

or 27-m sites; this is unsurprising at the 27-m site because the profiles in Figure 3-4

do not appear to reach a minimum at the height of the mixed layer thickness, but

rather continue to decrease for 5 to 10 more meters. The 27-m profiles also appear

less smooth than the 12 or 17-m ones and may be dominated by patches of suspected

zooplankton in the mid and upper water column. Both the 12 and 27-m sites provide

fewer instances of sediment meeting the bottom of the thermocline than the 17-m

site. At the 12-m site, the shallower depth means the mixing effect of wind and waves

extend through a larger fraction of the water column than at the 17-m site, providing

fewer times with strong stratification. At the 27-m site, the greater depth means the

surface-originated stratification often does not reach deep enough to interact with

suspended sediment.

3.6 Theory and models for sediment suspension

Now that we have a measure of suspended sediment in the water column, we compare

it to predictions by traditional theory based on the other environmental variables:

currents, waves, stratification, and wind stress. We ask whether simplified models

are robust enough to describe sediment suspension in decidedly non-idealized field

conditions where we know several of the necessary assumptions for the theory are, in

reality, violated.

3.6.1 Bed shear velocity and particle size

For a given bottom roughness and particle size, a critical level of shear stress, τ b, or

shear velocity, u∗, where u2
∗ ≡ τ b/ρ, must be surpassed to initiate resuspension of
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Figure 3-5: Mixed layer thickness vs. height of minimum Sv in averaged profiles
(·) with correlation coefficient R = 0.88 (95%: 0.71 - 0.95). Line given by y =
(0.67± 0.18)x+ (4.0± 1.7)

sediment from the bed. Smaller bottom roughness and larger particle size increase

the critical shear. Both mean currents and wave orbital velocities contribute to the

bottom shear velocity, but their relative importance varies with water depth.

We expect the particle sizes measured by the ADCP backscatter to be somewhat

less variable than the bed composition described in section 2.2.1 due to resuspension

criteria and the selection of forcing conditions presented here. A shear velocity of 1.3

cm/s is required to initiate suspension of fine sand from a sandy patch or mud from a

mud patch based on the modified Shields parameter (Smith, 1977) for critical shear

stress. A shear velocity of just 0.4 cm/s is needed to lift the finer mud off a rougher

sandy patch.

We use Madsen’s (1994) wave-current boundary layer model and a quadratic bot-

tom drag coefficient, CD, of 1.45 x 10−3 (following Fewings (2007) value from J.

Trowbridge) to calculate wave-, current-, and combined wave-current shear velocities

from measured waves and currents. At 12 m, the current shear velocity is larger than

55



the wave shear velocity 5% of the time. At 17 m, the current shear velocity is larger

than the wave shear velocity 19% of the time. Finally, at 27 m, the current shear

velocity is larger a majority, 57%, of the time. Table 3.1 summarizes the fraction of

time the combined wave-current shear velocity exceeds the resuspension criteria for

sand and mud and the correlation coefficient between the shear velocity and Sv at

the second ADCP bin.

Table 3.1: Fractions of time mud and sand are expected to be suspended, and corre-
lation coefficient between shear velocity, u∗, and backscatter intensity, Sv

Site % time u∗ > u∗mud % time u∗ > u∗sand R (> 99% level) between Sv and u∗

12-m 100 (99.70) 76 0.54
17-m 94 42 0.46
27-m 75 13 0.59

Calculated wave-current shear velocities describe only 29%, 21%, and 34% of the

observed variance in backscatter intensity from the lowest ADCP measurements at the

12, 17, and 27-m sites. The presence of mud in the backscatter measurements is likely

limited by patchy bed availability, though these correlation values do not increase if

the calculation is restricted to times when shear velocity estimates predicts sand to be

resuspended. While the bottom shear stress often exceeds the resuspension criteria

for fine sand, only the larger storms should lift it throughout the water column. It

would not be surprising to see fine sand concentrations of tens of milligrams per liter

at 1.2 mab, like those observed on the Hudson shelf by Harris et al. (2003), or a gram

per liter at 0.15 mab like Storlazzi and Jaffe (2002) on the central CA shelf, but large

waves are usually accompanied by large wind, so many big events have been omitted

from this analysis. For those remaining events, recall that the concentration is still

decaying upward and the lowest backscatter is at 2.75 mab so incipient fine sand

suspension does not imply it will reach the ADCP sample volumes.

A more compelling reason not to expect sand to have reached the ADCP sam-

pling volume comes from measurements made during the OASIS program (see section

2.1.4). Hill et al. (personal communication, 4 May 2010) measured flocculated par-

ticles ranging from tens to hundred of microns in diameter with distributed but con-
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sistent settling velocities of around 1 mm/s, but reported that very few sand grains

reached 1.2 mab during the (typical) autumn conditions of that experiment. With

our lowest ADCP bin higher above the bed and in deeper water than the OASIS in

situ water sampler, even less sand should reach our sampling volume for similar wave

conditions.

Finally, we are convinced the measured sediment is typically flocculated mud by

the comparison to theory that follows in section 3.6.3, which demonstrates that the

backscatter signal is severely under- and over-predicted by estimates made with fine

sand and disaggregated mud respectively. In the following section, we show that using

the canonical mud-floc settling velocity of 1 mm/s provides a much better match to

the measurements.

3.6.2 Sediment concentration predictions from an eddy vis-

cosity profile

Sediment concentration, cs, profiles are derived following the standard model of a

Rouse (1937, 1961) profile. This model is based on a steady balance between particles

falling under gravity and being lifted by turbulent mixing. The settling velocity, ws,

is the vertical velocity a sediment particle would have in still water. It is determined

by particle size and density, and is positive downward by convention. We assume the

eddy diffusivity for sediment, Kc, is equal to the eddy viscosity, Km. By Reynolds

averaging, the conservation of mass equation for suspended sediment reduces to

−wscs = Km
∂cs
∂z

(3.6)

This equation can be integrated in z to solve for sediment concentration as a

function of height. The solution will depend on the concentration given at some

reference level. In section 3.6.3, measured velocity and density profiles are used to

estimate the eddy viscosity, which is then used to numerically integrate the sediment

mass equation. The reference level becomes 2.75 mab, the height of the lowest ADCP
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measurements, and all estimated concentration profiles are relative to the (unknown)

concentration at 2.75 mab.

Sections 3.6.4 and 3.6.5 compare the observed backscatter profiles to suspended

sediment predictions from analytic models for eddy viscosity. The unstratified case is

used first to consider under what conditions an established turbulence closure scheme

matches acoustic and optical observations when the water is well mixed. Then, ob-

served stratification is included in sediment predictions that are compared to acoustic

backscatter measurements during stratified conditions.

3.6.3 Using Mellor-Yamada 2.0

We test if an established turbulence closure scheme and a 1D model (equation 3.6)

can predict sediment resuspension height from measured velocity, wave, and density

data. Weatherly and Martin’s (1978) implementation of the Mellor and Yamada

(1974) level 2.0 turbulence closure scheme is used to generate eddy viscosity profiles.

The 2.0 scheme is appropriate here because the profiles averaged together in this

analysis are selected based on the hydrodynamic conditions at each measurement

time and so are not sequential in time. Without sequential time steps, the Mellor-

Yamada 2.5 scheme that diffuses momentum cannot be used, but with the steady

state assumption for sediment we also assume the flow has naturally adjusted to

any momentum diffusion and that measured profiles of velocity and temperature

fully constrain the turbulence. The gradient Richardson number, Ri = N2/(∂u/∂z)2,

represents the ratio of reduction of turbulence by stratification to production by shear

and Mellor-Yamada 2.0 uses Ri in computing the turbulent length scale. At small

levels of shear and stratification, Ri becomes very sensitive to small fluctuations in

both values so temperature and velocity profiles are smoothed with a running 3-meter

average before being used in the Mellor-Yamada model.

One addition has been made to Mellor and Yamada’s turbulent length scale com-

putation. Their description is for only a bottom boundary layer with the assumption

that z goes to infinity far from the boundary. On the inner shelf, the bottom and
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surface boundary layers overlap and distance to both can limit the turbulent length

scale so Wijesekera et al.’s (2003) effective distance from boundary is used in place

of the height above bed in Mellor and Yamadas formula. In the Mellor and Yamada

(1974) length scale,

l =
κz

1 + κz
l0

(3.7)

we replace z with Wijesekera et al.’s zeffective, given by

1

zeff
=

1

z
+

1

H − z (3.8)

The Mellor-Yamada 2.0 closure scheme is implemented with inputs of measured

velocity and density profiles as well as guesses at eddy viscosity and turbulent kinetic

energy. Eddy viscosity, diffusivity, turbulent kinetic energy and turbulent length scale

are returned. The calculation is iterated until the solution converges (usually just

two iterations). Using the eddy viscosity profile generated with this closure scheme,

sediment concentration profiles are calculated for three sediment types: fine sand with

fall velocity, ws = 10 mm/s, mud flocs at ws = 1 mm/s, and individual mud grains

at ws = 0.02 mm/s. These estimates were made with velocity and temperature data

from all deployments at the 12, 17, and 27-m sites.

3.6.4 Comparison to Mellor-Yamada 2.0 for unstratified con-

ditions

ADCP backscatter at a single acoustic frequency does not provide any information

about particle size. We test our working hypothesis about the particle size by com-

paring the measured profiles to those predicted for various fall velocities, which are

associated with particular particle types. The predictions for three particle sizes,

plus ADCP and OBS measurements, are shown in Figure 3-6. The thick teal line is

the measured ADCP backscatter, black circles are the OBS measurements, and red,

green, and blue lines are concentration predictions for fine sand, mud flocs, and mud
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grains, respectively. All five lines are averages over unstratified conditions from the

one winter deployment when OBS data are available. The three predictions and the

ADCP data are shown as change relative to the value at 2.75 mab. The lowest OBS

was located at 5 mab, so the OBS value at 5 mab is set to match the ADCP value

at that height and the upper OBS measurements are shown relative to the value at

5 mab. These profiles are limited to times when wind stress is small and the lowest

ADCP bin returns a value 2 dB higher than the seasonal trend.

A fall velocity of 1 mm/s produces a concentration profile that is similar to the

ADCP and OBS measurements. This fall velocity is typical of the mud flocs observed

with optical and physical sampling at a nearby field site during the separate but

simultaneous OASIS experiment.
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Figure 3-6: ADCP and OBS data compared to Mellor-Yamada 2.0 model prediction
for unstratified times when the OBS were deployed (SWWIM 6, 17-m site)

The OBS were only deployed at one site for one season, but Mellor-Yamada 2.0

predictions can be compared with ADCP measurements for the entire data set at

12, 17, and 27-m sites. Figure 3-7 shows predicted and ADCP profiles averaged over
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unstratified conditions for all deployments. The three sites and full data set further

support the expectation that mud flocs are the main sediment type being suspended

around the Martha’s Vineyard inner shelf.

In Figures 3-6 and 3-7, the 1 mm/s mud floc fall velocity has the closest slope to

that of the ADCP measurements. We note, however, that the curvature of the ADCP

profiles is not replicated by any of the three predicted concentration profiles. The

difference may be due to the presence of bubbles. Bubble concentration is highest at

the surface and decays downwards. When summed with the sediment concentration,

which decays upwards, the bubbles will cause a curvature to the ADCP backscatter

profile that is qualitatively similar to the observed difference in curvature between the

ADCP backscatter and predicted mud floc profiles. Without the enhanced backscatter

from bubbles, the ADCP value would be lower, so the mud floc fall velocity use here

may be slightly slower than the average value for the sediment in the field.
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Figure 3-7: ADCP backscatter measurements and Mellor-Yamada 2.0 model predic-
tion for unstratified conditions over all SWWIM deployments at the 12, 17, and 27-m
sites
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3.6.5 Comparison to M-Y 2.0 for stratified conditions

Temperature and acoustic backscatter data show a clear relationship between mixed

layer thickness and the height of sediment resuspension (section 3.5) and the Mellor-

Yamada 2.0 turbulence closure scheme combined with flocculated mud properties

proved a reasonable match to the ADCP backscatter profiles in unstratified condi-

tions (section 3.6.4). Now, we test if the model can also reproduce the backscatter

measurements at times when there was stratification above various mixed layer thick-

nesses. Figure 3-8 shows ADCP backscatter and predicted sediment concentration

profiles for five mixed layer thicknesses at the 17-m site (top row) and four mixed

layer thicknesses for each of the 12 and 27-m sites (bottom row). The colors represent

the same data types as in Figure 3-7.

When a clear distinction between mud and flocculated mud concentration pre-

dictions is visible, a fall velocity of large mud flocs (green line) again best matches

the observations (thick, teal line). The variability in the spacing between the mea-

surements and floc concentration predictions likely represent the variability in the

properties of the available bed sediment. The model predicts a sharp drop in sedi-

ment concentration at the top of the mixed layer and this decrease in concentration

is much sharper in the predictions than in the ADCP observations. There are several

possible reasons for this discrepancy. Bubbles or surface signal raise the ADCP signal

in the upper part of the water column, but are not in the model prediction. This

closure scheme may not fully capture the nature of the turbulence at the top of the

mixed layer. Other physical phenomena that have been ignored in the sediment profile

computation may be relevant, including the non-steady and three-dimensional nature

of the real sediment mass conservation balance. For the 27-m site, the backscatter

profiles were not particularly well represented by the corresponding temperature pro-

files (section 3.5.3) so it is not surprising that they also are not similar to predicted

profiles based on the same temperature data.
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Figure 3-8: ADCP backscatter and sediment concentration predictions for various
mixed layer thicknesses at 12, 17, and 27-m sites

3.7 Implications for Transport

3.7.1 Influence of changes in the sediment concentration pro-

file

Sediment transport depends on both the sediment concentration and the velocity of

the water that moves it. Stratification will affect the vertical structure of both of these
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variables but in this section we neglect the effect of stratification on the circulation in

order to isolate the influence of the change in the sediment concentration profile on

the sediment transport. Without calibration to actual sediment concentrations, we

cannot discuss sediment transport in terms of kilograms or cubic meters of material,

but we can use the model described in section 3.6 to address the effect of mixed

layer thickness on total suspended load and transport. Here, we use idealized profiles

of velocity and temperature that are representative of our field conditions to make

predictions for eddy viscosity using the Mellor-Yamada 2.0 closure scheme. Those

eddy viscosity profiles are integrated to make predictions for the profiles of sediment

concentration relative to the near-bed value. This example uses a single velocity

profile in combination with three different temperature profiles to compare sediment

concentration predictions for the three levels of stratification. A depth of 17.5 m

is chosen to match the depth at our 17-m field site. We consider the cases of an

unlimited sediment supply and one that is limited by the total volume available for

resuspension from the bed.

0 0.05 0.1 0.15 0.2
0

2

4

6

8

10

12

14

16

m
ab

c(z)/c(0.1m)
17 18 19

0

2

4

6

8

10

12

14

16

°C
−0.2 0 0.2
0

2

4

6

8

10

12

14

16

m/s

Figure 3-9: Left: sediment concentration as fraction of value at 0.1 mab for mixed
(blue) and stratified (red) conditions with mixed later thicknesses of 5 and 10 m.
Center: temperature profiles for mixed (blue) and stratified (red) conditions. Right:
velocities, u (thick solid) and v (dashed).

The velocity profile is generated by a simple numerical model that solves the one
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dimensional (vertical), steady, shallow water equations and uses the assumption of

no net cross-shelf transport to estimate the cross-shelf pressure gradient. The model

is described in detail in Lentz (1995), and Fewings et al. (2008) demonstrated that

it is a good predictor of wind-driven inner shelf circulation in unstratified conditions.

The eddy viscosity used here is a cubic profile with linear slopes to zero magnitude

at both boundaries. The total amplitude is divided by
√

2 to crudely approximate

a Mellor-Yamada 2.5 closure scheme for unstratified conditions. The model matches

surface and bottom boundary conditions given by a prescribed surface wind stress

and effective bottom roughness. The bottom roughness measured near MVCO that

was used in section 3.6 (CD = 1.45×10−3) is used again here. An offshore wind stress

of 0.1 Pa is used to force the model. Velocity profiles of u (solid) positive offshore and

v (dashed) alongshore are shown in the right panel of Figure 3-9. The thin vertical

line indicates zero.

The temperature profiles, shown in the center panel of Figure 3-9, are made to

mimic those measured profiles in Figure 3-4. The three profiles represent a mixed

water column (blue) and bottom mixed later thicknesses of 5 (green) and 10 m (red).

All profiles are 17 ◦C at the bed. The two profiles with stratification each warm by

one degree over the two meters at the top the the mixed later and a second degree

over the remaining water column height to the surface.

The velocity and temperature profiles are used to generate an eddy viscosity profile

from the Mellor-Yamada 2.0 closure scheme. The eddy viscosity profile can be used

to predict vertical changes in sediment concentration by rearranging equation 3.6

and integrating in z. The right hand side of equation 3.9b is numerically integrated

upwards from a typical wave-current boundary layer thickness of zo = 0.1 m and the

result applied to equation 3.9c to predict the relative sediment concentrations at each

height above 0.1 mab.
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∫ z
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∂c/∂z

c
dz =

∫ z
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−ws
Km

dz (3.9a)
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c

c(zo)
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dz (3.9b)
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(
−ws

∫ z
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Km

dz

)
(3.9c)

The left panel of Figure 3-9 shows the resulting sediment concentration predic-

tions, plotted as a fraction of the concentration at 0.1 mab. In stratified conditions

(red and green lines), suspended sediment load is significantly reduced compared to

well-mixed conditions (blue). By summing the concentration curves in Figure 3-9

from 0.1 mab to the surface, we estimate the suspended sediment load for 5 and 10

m mixed later thicknesses to be 59% and 73% of the value for well-mixed conditions

given the same concentration at 0.1 mab. This large reduction in suspended load

predominantly comes from above the height of the mixed layer thickness so an addi-

tional effect on the net transport of sediment will depend on the shear in the velocity

profiles.

For the velocity profiles used here, v is always negative and increases upwards so

the along-shelf transport will be reduced in stratified conditions, but the direction will

be the same. 5 and 10 m mixed layers reduce the along-shelf sediment transport to 18

and 40% of the value for mixed conditions. The u profile crosses from on- to offshore

around 11 mab so any sediment suspended above this height will be transported in

the opposite cross-shelf direction from sediment lower in the water column. In this

case, all three scenarios have net onshore transport with a 5 m mixed layer generating

90% of the transport compared to the mixed case. The 10 m layer causes an increase

in net (onshore) transport of 2% over the mixed case because the concentration drops

off near where the flow reverses. In the mixed case, the offshore transport near the
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surface balances some of the onshore transport lower in the water.

If instead of assuming that all three conditions for stratification would have the

same reference concentration at z = 0.1 m, we assume that the same total volume of

sediment is suspended, but distributed differently throughout the water column, we

can normalize the concentration profiles from Figure 3-9 to make new profiles, shown

on the left side of Figure 3-10. By forcing the area under the three concentration

curves to be the same, the profile with the sediment trapped closest to the bed (green),

has the highest reference concentration, nearly twice the reference concentration for

the unstratified curve (blue).
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Figure 3-10: Left: Sediment concentration as fraction of value at 0.1 mab, normalized
to have the same total sediment volume for mixed (blue) and stratified (red) condi-
tions with mixed later thicknesses of 5 and 10 m. Center: temperature profiles for
mixed (blue) and stratified (red) conditions. Right: velocities, u (thick solid) and v
(dashed).

When we estimate transport from the velocity profiles with these normalized con-

centration profiles, we again find a decreased magnitude of along-shelf transport for

thinner bottom mixed layers. The 5 and 10 m mixed layers create 29 and 54% of the

along-shelf transport as the unstratified profile. These fractions are larger than for

the constant reference concentration method because now the stratified profiles have

a higher concentration than the mixed case in the lowest 5 m of the water column.
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For the cross-shelf transport, again all three scenarios generate net onshore transport

by the offshore wind stress because the highest concentrations are in the return flow

in the lower portion of the water column. However, now the presence of sediment in

the upper portion of the water column for the unstratified case necessarily means it

also has a lower concentration of sediment in the lower portion of the water column

compared to the two stratified cases. The mixed case drives the smallest magnitude

cross-shelf transport and the 5 and 10 m mixed layer cases have 46 and 27% more

transport, respectively. This second method of estimating normalized concentration

profiles may be more applicable than the first method for cases where the the sediment

supply is limited, like the patchy mud found south of Martha’s Vineyard.

The transport fractions reported here are, of course, specific to the velocity profiles

and mixed layer thicknesses selected, but this example demonstrates that stratifica-

tion far from the bed still has an effect on net transport. In this section, the velocity

profiles were not adjusted in response to the stratification. Vertical gradients of ve-

locity are small in the middle of the water column compared to near the surface or

bottom but the presences of stratification does increase the shear in the velocity pro-

file (Fewings et al., 2008; Lentz et al., 2008; Chapter 4 of this thesis). An increase

in shear around the height where sediment concentration drops suddenly should en-

hance the effect of stratification on transport. This topic is discussed in the following

section, in combination with observational results from Chapter 4, which detail the

effect of stratification on wind-driven cross-shelf circulation.

3.7.2 Influence of changes in the velocity profile

This section discusses the implications of and limitations on applying our understand-

ing of stratified circulation to sediment transport estimates. In section 3.7.1, we dis-

cussed the effect of stratification capping sediment resuspension height on sediment

transport without considering how stratification simultaneously affects the circula-

tion. In observations in Chapter 4, stratification increases cross-shelf transport in the

surface boundary layer by roughly two times for cross-shelf wind (Figure 4-17) and
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10 times for along-shelf wind (Figure 4-11). At first pass, these increases in transport

seem much larger than the 30-40% increase caused by the capping effect. However,

even though equal and opposite water mass transport occurs in both boundary layers,

the distribution is not symmetric around the mid water depth. In the surface bound-

ary layer, the largest increase in velocity is at the surface. In the return flow, the

increase with stratification is distributed over the lower portion of the water column,

and the velocity still goes to zero at the bottom boundary. Because the highest sed-

iment concentrations are very near the bed, the transport calculation is sensitive to

the near bed velocities, which occur far below the 2.75 m height of our lowest velocity

measurement. This gap in the measurements makes the sediment transport calcula-

tion very sensitive to the method we choose to extrapolate the velocity measurements

to the bed in a way that the water mass transport calculations were not.

For cross-shelf velocities driven by along-shelf winds, such as those shown in Figure

4-6, it is clear that the velocities in the stratified cases will be larger magnitude than

those for unstratified cases all the way to the bed. We can comfortably estimate that

the suspended sediment transport will be higher for stratified conditions, in part due

to the change in the sediment profile and in part due to the the change in the velocity

profile. Using three methods of extrapolation (constant, linear, and match to zero at

the bed) for the velocity profile, the sediment transport estimates for stratified cases

range from two to six times those for the unstratified case.

For cross-shelf transport driven by cross-shelf winds, it is not clear if a stratified or

unstratified velocity profile, in combination with the respective sediment concentra-

tion profile, will drive more sediment transport. Velocity profiles from the 7, 12, and

17-m sites in Figure 4-12 have higher surface boundary layer transports for stratified

than mixed conditions, but the stratified profiles also have a return flow centered

higher in the water column. The stratified profiles show velocity curving towards

zero farther from the bed than the unstratified profiles. Using the three methods

of extrapolation, estimates of sediment transport for stratified conditions range from

-0.2 to 1.5 times those for the unstratified case. Near bed velocity measurements or
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a wave-current boundary layer model including stratification would be required to

make a well informed estimate of sediment transport.

The model in Chapter 5 and previous ones (Austin and Lentz, 2002; Allen et al.,

1995; Wijesekera et al., 2003) all show clear asymmetry in the inner shelf circulation

and stratification that develop in response to upwelling vs downwelling winds. From

the model we can infer that in stratified or summertime conditions, we should expect

a preference for onshore sediment transport because of the tendency for upwelling

winds to create the stratification that will cap sediment resuspension height and

create stronger cross-shelf circulation.

3.7.3 Mud transport near MVCO

This chapter was motivated by anecdotal observations of periodic mud deposits

near the 12 m deep MVCO node during previous field experiments in the region

by Traykovski et al. (2007). Traykovski et al. noticed scour pits in sandy regions

were likely to fill with mud that settled there after wintertime storms. We ask now

if the observations from Chapter 4 and model results from Chapter 5 suggest any

mechanism that might be responsible for bringing mud to the inner shelf in winter.

In winter, the wind stress at MVCO is typically towards the east southeast (Figure

2-4) and since the water is usually unstratified in winter, it is the cross-shelf com-

ponent of that wind stress that will drive the cross-shelf circulation. The southward

cross-shelf wind stress in winter will drive an onshore transport in the lower portion of

the water column. Larger waves in winter time will be able to suspend mud from the

bed at deeper sites than smaller summertime waves. Even though the water column

is unstratified and some sediment mixes to the surface, the majority will still be in

the lower portion of the water column, available for onshore transport. Alongshore

nonuniformities in cross-shelf transport are another possible mechanism for bringing

mud to MVCO in wintertime. The mud would be made available from the midshelf

mud patch by the same larger waves that would make it available for wind-driven

circulation, but brought onshore at just one location along the Martha’s Vineyard
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inner shelf. The tidally rectified gyre described by Ganju et al. (2011) is an example

of one possibility. Mud transported onshore in the eastern side of the gyre could move

westward with the predominant along-shore flow before being deposited near MVCO

and the SWWIM array.

The model in Chapter 5 and previous ones (Austin and Lentz, 2002; Allen et al.,

1995; Wijesekera et al., 2003) all show clear asymmetry in the inner shelf circula-

tion and stratification that develop in response to upwelling vs downwelling winds.

From the model we can infer that in stratified or summertime conditions, we should

expect a preference for onshore sediment transport because of the tendency for up-

welling winds to create the stratification that will cap sediment resuspension height

and create stronger cross-shelf circulation. This conclusion seems contrary to the

observations of mud moving on to the inner shelf in the winter. However, the in-

creases in transport discussed in Chapters 4 and 5 are increases in transport fraction

or transport efficiency. That is, transport relative to the expected neutral density,

deep or shallow water transport scales of u∗h or τ/ρf . To first order, inner shelf

transport scales with the shear velocity. Average wind stress magnitudes are much

larger in winter than in summer and the larger magnitude transports, combined with

greater suspension from higher wintertime wave energy are the like causes of higher

mud transport across the inner shelf in winter.

3.8 Summary

This project took an opportunistic look at sediment resuspension heights through use

of an extensive data set of ADCP backscatter intensity collected, along with velocity

and density data, as part of the SWWIM field program on the inner shelf south

of Martha’s Vineyard, MA. The physics discussed is not novel, but its application

and importance on the inner shelf are. Despite shallow depths and waves that reach

a considerable fraction of water depth, thermal stratification limits the height of

sediment resuspension on the inner shelf in summertime. On the Martha’s Vineyard
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inner shelf, thermal stratification acts to cap the height of suspended sediment that is

most likely composed of flocculated mud. The acoustic and limited optical backscatter

compare well with each other and with predictions for sediment concentration profiles

made using eddy viscosity estimates from a Mellor-Yamada 2.0 turbulence closure

scheme and an assumption of a steady balance between particle settling velocity and

upward turbulent diffusion.

Stratification alters the response of both circulation and sediment resuspension to

particular wave and wind forcing. By increasing shear in the velocity profile (Fewings

et al., 2008) and simultaneously limiting the height of sediment resuspension, strat-

ification can change the magnitude of sediment transport. The stratification could

decrease net transport by keeping the sediment lower in the water column, where the

velocities are lower on average, or the stratification could increase net transport by

confining the sediment to the part of the water column where all the flow is in the

same direction. This effect is most likely to be significant in the late summer and

fall when strong stratification and large storms are concurrent. These results indicate

that thermal stratification should be included in predicting and modeling sediment

transport on the inner shelf.
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3.A Appendix: Regressions between ADCP beams

Each row shows data from multiple deployments of a single ADCP. SWWIM 2, 4, and

6 all used the same ADCP at the 7-m site. SWWIM 2, 3, 5, 6, and 7 used the same

ADCP at the 17 and 27m sites. Beams 1 and 2 are show for each site, but all pairs

of beams produce similar magnitudes for correlation coefficients and regression slopes

and intercepts. Individual beam data is not available for the 12-m ADCP (MVCO

node).
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Figure 3-11: Correlation coefficient (left), regression slope (center) and intercept
(right) between first and second ADCP beam backscatter intensities from the 7 (top
row), 17 (middle row) and 27 (bottom row) meter deep sites.. Variable shown in blue,
95% confidence intervals in black.
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3.B Appendix: Optical and acoustic backscatter

calibration

3.B.1 OBS in the field and lab

The five OBS deployed during SWWIM were calibrated in a bucket using sediments

grab-sampled from the bed of the 17-m site. All showed a linear response to sediment

concentration (Figure 3-12). Correlation coefficients, R, are all over 0.99 at a > 99%

confidence level.
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Figure 3-12: OBS calibration curves

In the field, the tripod mounted Seapoints were less consistent. The OBS with

a high gain setting often reached the maximum 5 volt response and the one with

low gain showed erratic steps and jumps, possibly due to fouling (Figure 3-13(a)).

The moored OBS showed excellent correlation with each other and demonstrated

the expected relationship between heights above the bed, with the highest sediment

concentrations closest to the bed (Figure 3-13(b)).
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Figure 3-13: Times series of Seapoint voltage (a) and calibrated Aquatec OBS con-
centration (b)

3.B.2 Comparing ADCP to OBS

A regression of the three OBS on the 17-m mooring with their nearest ADCP bins

is shown in Figure 3-14. Correlations for individual ADCP bin - OBS pairs, from

lowest to highest on the mooring, were R = 0.54 (95% confidence interval of 0.41 -

0.66), 0.68 (0.57 - 0.77), and 0.57 (0.44 - 0.67). The regressions for the same 3 pairs

are given by y = (0.40 ± 0.11)x + (7.7 ± 6.2), y = (0.72 ± 0.14)x + (24 ± 7.9) and

y = (0.40± 0.10)x+ (3.9± 5.6).

The expectation was that higher in the water column, the regression slope would

be higher because suspended sediment there should have a higher fraction of small

particles, which the OBS responds to more strongly than the ADCP. Based on the

three individual regressions, this effect is not present in this data. The correlation

and regression slope of the mid-height ADCP-OBS pair are higher than for the other

two pairs, though the correlations are not different at the 95% confidence level. A

single regression with the three pairs combined yields a correlation of R = 0.52 (95%

interval 0.45 - 0.59) with slope and intercept given by y = (0.46±0.074)x+(8.7±4.2).

The slope of the regression shown in Figure 3-14 is of the same order of magnitude,

O(1), as previously published ones (Kim and Voulgaris, 2003; Wall et al., 2006). Still,
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= (0.46 0.074)x + (8.74.2)

we are not confident that the bucket calibration accurately represents field sediment

concentration so we only use the limited optical measurements to confirm that the

acoustic data is qualitatively reasonable.
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Chapter 4

Observations of the effect of

stratification on wind-driven

cross-shelf circulation and

transport on the inner shelf

4.1 Introduction

Transport across continental shelves allows the exchange of heat, nutrients, larvae,

sediment, and pollutants between coastal ecosystems and the open ocean. The inner

shelf is a critical link in the cross-shelf transport pathway, connecting the surfzone

and the continental shelf, but the mechanisms that drive cross-shelf circulation on

the inner shelf are not well understood.

On the mid- and outer shelves, along-shelf winds typically drive cross-shelf trans-

port, following classic Ekman (1905) theory. At shallower depths, where the surface

and bottom boundary layers overlap, momentum from the wind mixes to the bottom

faster than the Coriolis acceleration can turn it, so the along-shelf wind stress is in-

effective at driving cross-shelf Ekman transport. This region, where the entire water

column is filled by turbulent surface and bottom boundary layers, is referred to here
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as the inner shelf. On the inner shelf, cross-shelf wind stress has been shown to drive

cross-shelf circulation (Fewings et al., 2008) in unstratified conditions. The responses

to along-shelf (Austin and Lentz, 2002) and cross-shelf (Tilburg, 2003) wind stresses

on an initially stratified inner shelf have been predicted by numerical models but

neither prediction has been confirmed with field observations. This study uses three

years of observations to describe the inner shelf response to cross- and along-shelf

wind stresses in stratified conditions.

4.1.1 Along-shelf wind stress background

Ekman (1905) used a constant eddy viscosity to solve for cross-shelf transport by

along-shelf wind stress for deep and shallow water and the linear transition between

them. In deep water, the solution for cross-shelf transport in the surface boundary

layer, UEk = τ y/(ρf), is independent of the vertical structure of the profiles of eddy

viscosity or velocity. An along-shelf wind stress drives transport towards or away from

the coast and the movement of water mass sets up a cross-shelf pressure gradient. A

geostrophic along-shelf flow develops to balance the surface pressure gradient and this

interior along-shelf flow moving over the bottom causes bottom stress and hence a

bottom Ekman layer to develop. In steady state, the transport in the bottom bound-

ary layer is equal but in the opposite direction from the surface Ekman transport, so

the no flow through the coast condition is satisfied.

Where the water is shallow enough that the surface and bottom boundary layers

overlap, there is a divergence in the Ekman transport within each layer, which leads

to upwelling or downwelling. In the shallow water limit, no turning occurs before

the surface stress mixes to the bottom so there is no cross-shelf velocity component

associated with the along-shelf wind stress; the along-shelf wind stress drives only

along-shelf flow. With observations from the same inner shelf on which this study is

based, Fewings et al. (2008) found near zero cross-shelf transport driven by along-

shelf wind stress, demonstrating the ineffectiveness of along-shelf wind at driving

cross-shelf transport on an unstratified inner shelf. For the unstratified case, the
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response to upwelling and downwelling wind stress is symmetric.

On a stratified inner shelf, the response to up- and downwelling wind stresses is

strongly asymmetric (Austin and Lentz, 2002). Downwelling fills the inner shelf with

constant density water from the surface boundary layer, while upwelling circulation

brings up denser water below lighter water, creating stratification. Stratification sep-

arates the upper and lower boundary layers, increasing the fraction of full Ekman

transport and extending the reach of along-shelf wind as a mechanism for cross-shelf

transport into shallower regions (Lentz, 2001; Weisberg et al., 2001; Austin and Lentz,

2002; Kirincich et al., 2005). On the North Carolina inner shelf, Lentz (2001) observed

a two-layer response in stratified conditions, with surface and bottom boundary layer

transports proportional to wind and bottom stresses, respectively, while the unstrat-

ified response had much reduced Ekman transport. Weisberg et al. (2001) compared

results of a 3D numerical model of the West Florida Shelf to field measurements

and found realistic stratification was required for the model predictions to match

the observations. Using an idealized 2D model, Austin and Lentz (2002) described

the cross-shelf structure of an upwelling and a downwelling front and found that on-

shore of the front, the cross-shelf transport was slightly stronger for upwelling than

downwelling because of the small stratification the upwelling drew up onto the inner

shelf. Several observational attempts have been made to quantify the relationship

between the strength of stratification and cross-shelf transport, but there is not yet

a consensus. Kirincich et al. (2005) found a weak linear correlation between fraction

of Ekman transport and total stratification, while Kirincich and Barth (2009) found

it was the eddy viscosity and not the strength of the stratification that controlled

the wind’s transport efficiency. Recently, Dzwonkowski et al.’s (2011) observations

from the Alabama shelf showed a positive relationship between strength of stratifi-

cation and transport efficiency for low stratifications, but no clear trend for higher

stratifications.
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4.1.2 Cross-shelf wind stress background

Far less attention has been paid to cross-shelf wind stress as a mechanism for driving

cross-shelf transport than to along-shelf wind stress. Only recent studies have fo-

cused on cross-shelf wind stress as a mechanism for cross-shelf transport even though

work focused on along-shelf wind stress (e.g. Austin and Lentz, 2002) has shown

the limitation of upwelling and downwelling to drive cross-shelf transport all the way

to the surfzone, and the theoretical basis for the dynamics was laid over a hundred

years ago (Ekman, 1905). Regional scale studies have suggested cross-shelf winds as

potentially able to complete the transport pathway from surfzone to midshelf. An

unstratified model of offshore winds on the West Florida Shelf (Li and Weisberg,

1999a,b) generated a pressure gradient/cross-shelf wind stress balance on inner shelf

and Cudaback et al. (2005) showed cross-shelf circulation was driven by cross-shelf

wind stresses offshore of a mountain gap near Point Conception, CA. Using an un-

stratified implementation of a 2D analytic model, Estrade et al. (2008) found that

in combination with and along-shelf wind stress, the cross-shelf component of wind

drives a nearshore pressure gradient that affects the upwelling circulation.

Recent observational (Fewings et al., 2008) and modeling (Tilburg, 2003) studies

focused specifically on the cross-shelf wind stress and have shown it to be a significant

mechanism for cross-shelf transport on the inner shelf. Shortly following Austin and

Lentz’s 2D, idealized, numerical model of cross-shelf circulation driven by along-

shelf wind stress, Tilburg (2003) used a similar 2D idealized numerical model to

demonstrate cross-shelf wind stress as a viable mechanism to drive transport across

the inner shelf. When wind stress blows towards the coast, water near the surface

moves onshore. As water piles up at the coast, a pressure gradient grows to balance

the wind stress, and that pressure gradient drives an offshore return flow in the

lower portion of the water column, a result consistent with Ekman’s 1905 solution.

For offshore winds, the circulation is reversed, with offshore flow near the surface

and an onshore return flow below. Fewings et al. (2008) described observations of

this circulation using wintertime measurements from the Martha’s Vineyard Coastal
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Observatory (MVCO). In unstratified conditions at 12 m water depth, Fewings et al.

(2008) found the cross-shelf wind stress to be far more effective at driving cross-

shelf transport than along-shelf wind stress. Using a single vertical profile in a 2D

numerical model, Fewings et al. (2008) also predicted the region where cross-shelf

wind is dominant should extend to around 30 m water depth for a 0.1 Pa wind stress

in unstratified conditions.

Though continental shelves are typically stratified for much of the year, the inner

shelf response to cross-shelf winds in stratified conditions is still unclear. In water

deeper than the boundary layer thickness, Tilburg (2003) found stratification de-

creased cross-shelf transport by cross-shelf winds by limiting the depth of the surface

boundary layer, causing the Ekman spiral to turn back on itself sooner. However, in

that model, momentum did not penetrate into the stratified region of the shelf. Den-

sity and momentum were mixed to the same depth, and all circulation was confined

to the surface mixed layer, so a stratified inner shelf never developed. Tilburg’s study

did not address how a stratified inner shelf could develop or what might happen on

one.

South of Martha’s Vineyard, MA, Fewings et al. (2008) noticed an increased ver-

tical shear in the cross-shelf circulation and, for offshore wind stress, an increased

transport in summertime. Summer is when their field site is typically stratified, but

Fewings et al. (2008) did not have density data to accompany the velocity measure-

ments. One other recent observational study (Dzwonkowski et al., 2011) used seasonal

averages of velocity and density from the Alabama shelf to conclude that cross-shelf

wind were most clearly correlated with cross-shelf flow in the fall and winter, when

the water was least stratified.

4.1.3 This chapter

Here, we use observational methods to describe the effect of stratification on cross-

shelf circulation and transport by cross- and along-shelf winds on the inner shelf.

Previously, only limited observations have captured the variation in transport magni-
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tude and the vertical structure of cross-shelf circulation in response to stratification or

cross-shelf wind direction. This study focuses on the local response of a stratified wa-

ter column and how that response varies as a function of wind direction, stratification,

and water depth.

In this chapter, section 4.2 describes the data set and numerical methods; sections

4.3 and 4.4 present the responses to along- and cross-shelf wind stresses; section 4.5

discusses dynamics driving the inner shelf circulation; section 4.6 concludes with a

summary of the results.

4.2 Data and Methods

4.2.1 SWWIM

The data for this analysis come from the SWWIM experiment and the Martha’s Vine-

yard Coastal Observatory (MVCO), which are described in Chapter 2 of this thesis.

The MVCO Node and three additional tripod-mounted pressure sensors and upward

looking ADCPs were collocated with four temperature and conductivity moorings in

7, 12, 17.5, and 27.5 m water depth at 0.4, 1.5, 3.8, and 11.1 km from shore. These

tripods and moorings provide a three year time series of velocity and density profiles

across the inner shelf. The Node and ASIT instruments supply wave and wind date

for the same time period. All data are interpolated onto the same 20-minute time

base.

4.2.2 Data processing

The goal of the data processing is to isolate the effects of cross- and along-shelf

wind stresses on cross-shelf velocities. The steps are outlined here and described

in greater detail in the subsections below. Eulerian measurements do not capture

the onshore wave transport above the wave troughs, but do capture the undertow

below the moving surface. To avoid biasing the depth-averaged velocity toward the
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offshore direction, we subtract estimates of wave undertow from the velocity profiles.

After subtracting wave undertow, we convert the vertical coordinate of the velocity

data to a surface-relative value to allow easier comparison of measurements from

the same distance below the surface. Next, we remove the barotropic tide from the

velocity data. A depth-averaged and low pass filtered velocity is used to determine

the proper orientation for along-shelf and cross-shelf axes via principal component

analysis. The depth-binned velocity and wind stress data are rotated into the new

coordinate system. Unless otherwise noted, all variables are low-pass filtered before

the final step of each analysis in this study.

Removing the wave-driven flow

We remove a wave undertow profile of uw = −uSt, as described by Lentz et al. (2008),

where

uSt =
H2
sigωk

16

cosh[2k(z + h)]

sinh2kh
(4.1)

is the Stokes (1847) velocity in the direction of wave propagation. Pressure time

series from each ADCP location are used to make time series of water depth. Signif-

icant wave height, Hsig, dominant wave period, and wave direction, are calculated at

the MVCO Node and described on the MVCO website. These theoretical undertow

profiles are based on unstratified conditions. Lentz et al. (2008) observed the wave

undertow profiles to be more sheared in summertime, so we may be underestimat-

ing the near-surface and overestimating the near-bottom velocity contribution from

waves but a regression against wave forcing of the velocities with wave undertow pre-

viously subtracted (see section 4.2.4 and Appendix 4.A) finds regression slopes not

significantly different from zero at the 95% confidence level throughout most of the

water column.
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Vertical coordinate

The water depth varied with tides and with the exact mooring locations on each

deployment so we use a surface-relative vertical coordinate since wind and wave driven

flows are strongest and most strongly sheared near the surface. We choose not to use

a stretched vertical coordinate that would track z as a fraction of water depth to avoid

interpolating across noisy raw data, and because when boundary layer thickness is

less than the water depth, it is not clear that total water depth is the appropriate

vertical scale.

Detiding

Barotropic tides are large and dominated by the M2 period. Velocities in each vertical

bin are detided for tidal constituents with periods less than six months using T TIDE

(Pawlowicz et al., 2002). Of the tidal constituents that were removed, the fortnightly

tide was the longest period with a significant amplitude. Internal tides that are not

phase-locked to the barotropic tide remain in the data.

Axes orientation

Velocities are depth-averaged and low-pass filtered with a 24 hour half-amplitude filter

before principal component analysis is performed, following Fewings et al. (2008).

Finally, we define along-shelf as the major axis of velocity variation at each ADCP

site. The velocities used in all further data analysis have been rotated into along- and

cross-shelf components where the positive y-axis is roughly eastward and the positive

x-axis is roughly southward. For the 7, 12, 17, and 27-m sites, the y axes are oriented

toward 92, 96, 97, and 102 degrees clockwise from geographic north. Wind stresses

are rotated onto the average of the velocity axes direction so positive along-shore

wind stress, τ sy, is 97◦ clockwise from geographic north.
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Filtering

Depth-binned velocity, wind, wave, and density data, and variables computed from

them, are low-pass filtered with a 24 hour half-amplitude filter. Filtered time series

are subsampled on a 24 hour interval before further analysis. A 24 hour filter is used

because diurnal tides and winds are small and the decorrelation time scales for all

these variables are near one day.

4.2.3 Stratification

Stratification from temperature and conductivity

The extensive SWWIM data set, described in detail in Chapter 2, has temperature

and conductivity measurements from MicroCats as well as temperature measurements

from TempPros and Tidbits. Temporal and spatial data coverage is much higher for

temperature alone than for density calculations, which require coincident temperature

and conductivity. Since there is no freshwater source nearby, temperature variation

causes the majority of the density variation, especially in the summertime. Also,

when temperature and salinity are correlated, with warmer, fresher water near the

shore and surface, and colder, saltier water offshore and below, temperature gradients

are an even better predictor of total stratification than the fraction of the physical

density variation they cause. This relationship allows us to estimate stratification

from vertical temperature gradients when temperature data is available but conduc-

tivity data is absent. The steps to create a single ∆σθ time series for each mooring site

are outlined below. This variable was used as the total water column stratification

variable for each mooring site throughout this chapter. Mid water column density

jumps used to determine mixed layer thickness later in this chapter are based only

on density data and do not use temperature-based estimates of stratification due to

inconsistent heights of the instruments between deployments.

The conductivity sensors drift over the course of each deployment and we attempt

to adjust the density data to remove trends and jumps. The absolute density value
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varies with seasons, but when the water is well mixed, all density values from a

single mooring should vary together. For this reason, we estimate the drift in the

density data based on the difference between pairs of sensors. Since we are primarily

concerned with the surface mixed layer and density gradients relative to the surface

value, we use the topmost density value as our reference and compare each lower

measurement to that one. The topmost sensor is also most accurate because it accrued

the least biological fouling. We choose times when our temperature measurements

indicate that the water column is well mixed by having a top sensor to bottom

sensor temperature difference of less that 0.05 ◦C. For these mixed conditions, a

cubic polynomial is fit to the time series of density differences between the topmost

and each of the other density time series at each mooring for each deployment. The

value of cubic is then subtracted from each density time series for all times, mixed

and stratified. The cubic fit is used instead of a linear trend to better account for

sudden jumps in the conductivity time series due to fouling.

When and where density data are available, density gradients are used as a mea-

sure for total stratification and mixed layer thickness. For the total stratification, the

first choice is to use the difference between the highest and lowest density measure-

ments. If the top or bottom sensor data is not available, data from the next highest

or lowest sensor is used and the density difference is scaled up based on the reduced

distance between the differenced sensors before being included in the time series.

If density data are absent, but temperature data are available, an estimate of

stratification based on temperature data is used. This estimate is based on a re-

gression between vertical density gradients and temperature gradients when both are

available. With fresher water hugging the coast in both seasons, temperature and

salinity are more strongly (anti-)correlated in summertime where fresh and warm

water coincide. Since warmer and fresher water both decrease density, temperature

gradients are a stronger predictor (steeper regression slope) of stratification in sum-

mertime. At each mooring site, we make separate summer (April - Sept) and winter

(Oct - March) regressions between vertical density and temperature differences. We

86



fill gaps in our total stratification time series with projections of vertical density differ-

ences based on these regressions against temperature differences. Typical winter and

summer temperature variation is shown in the Chapter 2, section 2.2.3. Figure 4-1

shows summer, winter, and combined (not used in data processing) linear regression

between ∆σθ and ∆T at each mooring site.
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Figure 4-1: ∆σθ versus ∆T and linear regression between then for summer (pink),
winter (blue), and combined (black - not used in data processing) at 7, 12, 17, and
27-m mooring sites.

Mixed vs Stratified

We separate the entire time series from each mooring location into stratified and mixed

conditions. Stratified profiles are from times when the density difference between the

highest and lowest density measurement is greater than 0.05 kg/m3, which is near the

limit of our measurement sensitivity. Mixed conditions are defined as having a density

difference less than 0.05 kg/m3 between top and bottom measurement heights. We

note that internal tides are present and large in the summertime. Particularly at the

7-m, and to some extent at the 12-m site, these internal tides cause the water column

to alternate between stratified and mixed on a semi-diurnal tidal frequency. These

internal tides are not easily removed because they are not generated locally and so

not phase locked to the barotropic tide. When we filter stratification data, we smooth
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over 24 hr periods that contain alternating stratified and mixed time to come up with

a representative stratification for the day. We accept that this method may affect the

dynamical interpretation of our Eulerian measurements.

Stratification vs mixed layer thickness

In our density measurements, stratified conditions are present with density gradients

continuous to the surface as well as stratified conditions with a mixed layer above a

sharp density jump. To test if wind driven circulation is confined to the surface mixed

layer, as Tilburg’s model predicts, we must limit that analysis to times when our

density measurements approximate those generated by Tilburg’s model. We choose

the surface mixed layer to have less then 0.05 kg/m3 variation within it and a density

jump of 0.05 kg/m3 or greater between the lowest density measurement within the

mixed layer and the next lower measurement (2 to 5 m below).

Figure 4-2 shows total top to bottom density difference compared to mixed layer

thickness at each of the four mooring sites (depicted by color). As described above,

density difference shown here is a combination of density data and density difference

estimated from temperature alone, when conductivity measurements were not avail-

able. The time series of mixed layer thickness is low-pass filtered after the density

jump is identified so the resulting time series has a continuous range of layer thickness

values rather than discrete ones at density measurement heights. The solid lines are

given by δ = u∗/
√
Nf , as derived for a slab-model (Pollard et al., 1973) that ignored

surface heat flux, advection, or an overlapping bottom boundary layer. Variables

used here are average u∗ for the stratified conditions at each water depth, ∆z as the

height between density measurements at each mooring, N2 = −g
ρ

∆σθ
∆z

, f = 10−4, and

SWWIM experiment average ρ = 1024. Mixed layer thickness monotonically decrease

for larger vertical density difference, following a roughly 1/
√
N shape as indicated by

the theoretical predictions for stratification limiting the depth of wind mixing. The

theoretical scales were computed with a constant u∗ so it is not surprising that the

data appear to have a steeper slope, since u∗ values tend to be higher during times

88



of lower stratification and lower during times of higher stratification.
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Figure 4-2: Mixed layer thickness vs total ∆σθ for stratified conditions with a density
jump below a surface mixed layer at 7 (•),12 (•),17 (•), and 27-m (•) sites. Solid
lines of the same color indicate theoretical boundary layer thickness δ = u∗/

√
Nf .

Vertical black line indicates the 0.05 kg/m3 cutoff that is used to define stratified
conditions throughout this chapter.

Because the strength of the stratification in the interior limits the depth a given

wind stress can mix down to, the remaining vertical density difference below the

mixed layer is inversely proportional to the thickness of the mixed layer. The density

gradient below the mixed layer is shown as a function of mixed layer thickness in

Figure 4-3. Profiles with zero ∆σθ/∆z below the mixed layer have both surface an

bottom mixed layers separated by a single density jump, spread no wider that the

vertical spacing between our density measurements.
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Figure 4-3: Mixed layer thickness as a fraction of water depth vs ∆σθ
∆z

below the
density jump at the base of the surface mixed layer at 12 (•),17 (•), and 27-m (•)
sites.

4.2.4 Regressions with forcing terms

Regressions on velocity

A multiple linear regression is used to relate cross-shelf velocity, u, at each ADCP

bin to various forcing terms that each have units of m/s. The predictor variables

are shear velocity from cross-shelf wind stress, ux∗ and shear velocity from along-shelf

wind stress, uy∗, and a constant. The multiple regression is a least squares fit to

u = aux∗ + buy∗ + d (4.2a)

where ux∗ =
τ sx

|τ sx|

√
|τ sx|
ρ◦f

(4.2b)

uy∗ =
τ sy

|τ sy|

√
|τ sy|
ρ◦f

(4.2c)
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τ sx and τ sy are across- and along-shore components of wind stress. We also performed

regressions that included a term proportional to the depth-averaged wave undertow

velocity, ūw. In these cases the equation to fit took the form of

u = aux∗ + buy∗ + cūw + d (4.2d)

with ūw = −USt
h

= − gh

16cph

(
Hsig

h

)2

cos θw (4.2e)

cph is phase speed, Hsig is significant wave height, and θw is angle of wave propagation

relative to offshore. The regression coefficients, a, b, and c, are nondimensional veloc-

ities. Profiles of these regression slopes represent how cross-shelf circulation responds

to wind and wave forcing.

Regressions on transport

Near a coastal boundary and assuming along-shelf uniform dynamics, there can be no

net transport in the cross-shelf direction. However, we are interested in the transport

above the first zero crossing of the velocity profile because this overturning struc-

ture of circulation will still create a net transport of any tracer or material that is

not uniformly distributed throughout the water column. A second type of multiple

regression is used to relate wind and wave forcing to cross-shelf transport. ADCP

velocity profiles are integrated in z to calculate cross-shelf transport, U , which then

is regressed against wind and wave transport scales of Ekman transport, UEk, and

Stokes transport, USt, respectively.

To estimate the transport, first the profiles of velocity (blue line in schematic figure

4-4) are extrapolated to the surface and bottom depths (red dashed line). At the upper

end of the profile, we use the top three measurement heights to linearly extrapolate

to the surface. At the bottom, we set the velocity to zero and linearly interpolate

between the lowest measurement height and the bottom. Depending on the bottom

boundary condition assumption, another option would be to linearly extrapolate to

the bottom, as we do toward the surface, instead of setting the bottom velocity to

91



zero. We have performed the calculations both ways and results do not change with

the selection of bottom boundary condition and slight variations between the two sets

of calculated transports are well within the 95% confidence intervals. After extending

the profile to the full water depth, we subtract the depth-average (black dashed line)

to satisfy the no flow through the coast requirement. Finally, transport (shaded region

in Fig. 4-4) is calculated by integrating the profile from the surface to the first zero

crossing.

U 

z 

u 

Figure 4-4: Schematic of how velocity profile, u(z), is integrated to get transport, U .

The regression, with optional wave term in brackets, takes the form of

U = AUx
Ek +BUy

Ek [+CUw] +D (4.3a)

where Ux
Ek =

τ sx

ρ◦f
(4.3b)

Uy
Ek =

τ sy

ρ◦f
(4.3c)

Uw = −USt = −gH
2
sig

16cph
cos θw (4.3d)

Regression slopes, A, B, C here are the ratio of two values with units of transport,

so represent a transport fraction or nondimensional transport.
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Checking wave removal

One purpose for subtracting wave undertow profile estimates from the velocity data

was to avoid biasing the principal component analysis we used to choose the direc-

tion of coordinate axes for wind-driven flow. That removal was imperfect as it was

based on inviscid theory and was performed using only the dominant wave period and

direction. Since waves and wind are correlated, as a secondary measure to prevent

wave undertow velocities from leaking into the wind regression slopes, we keep a wave

term in the multiple linear regressions. Regressions between velocity and wind forcing

are qualitatively unchanged when performed on velocity data with and without the

Stokes velocity removed, and with and without a wave forcing term in the multiple

linear regressions. Figure 4-5 shows profiles of regression coefficients from three re-

gressions on velocity from mixed conditions at the 17-m site. Blue lines use velocity

that includes wave undertow, fit with equation 4.2d, which includes a wave-forced

term. Green lines use velocity that has had estimates of wave undertow subtracted,

fit with equation 4.2a, which does not includes a wave-forced term. Red lines use

velocity that has had estimates of wave undertow subtracted, fit with equation 4.2a,

which again includes a wave-forced term. The left panel of Figure 4-5 shows the

regression slope for the cross-shelf wind term for all three regression methods. The

center panel of Figure 4-5 shows the regression slope for the along-shelf wind term for

all three regression methods. The right panel of Figure 4-5 shows the regression slope

for the wave undertow term for the two regression methods that include it. Profiles of

regression coefficients at all four sites for mixed and stratified conditions are available

in Appendix 4.A. The red lines represent the regression method used in data analysis

throughout the remainder of this chapter. Thin lines are 95% confidence intervals on

the regression slopes.

The wave regression slopes in the right panel show that some undertow velocities

did remain in the data after subtracting estimates of those undertows (red lines),

but that they are not significantly different from zero throughout most of the water

column. Comparison of the red to blue and green lines in the first and second panels
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Figure 4-5: Profiles of regression slopes between velocity at each ADCP bin and ux∗
(left), uy∗ (center), and ūw (right) for three regression methods indicated by color:
u with undertow, regression includes wave term (blue), u with undertow removed,
regression without wave term (green); u with undertow removed, regression includes
wave term (red). Thin lines are 95% confidence intervals on the regression slopes

of Figure 4-5 reassure us that the observed effects of τx and τ y are robust to both the

removal of and regression on wave undertow velocities.

4.2.5 Quasi-1D Model

A simple numerical model is used estimate a one dimensional (vertical) solution to

the steady shallow water equations. The model, described in detail in Lentz (1995)

and used similarly in Fewings et al. (2008), assumes no net cross-shelf transport

to estimate the cross-shelf pressure gradient. For this study, the model matches

surface and bottom boundary conditions given by a prescribed surface wind stress

and effective bottom roughness. The eddy viscosity is a cubic profile with a value of

zero and linear slopes at both boundaries. The total amplitude is divided by
√

2 to

crudely approximate a Mellor-Yamada 2.5 closure scheme for unstratified conditions.
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4.2.6 Confidence Intervals

Many of the figures in this chapter depict lines and profiles of regression slopes from

multiple linear regressions between velocity or transport and various forcing terms.

When a thick line is surrounded by two thinner lines of the same color, the thinner

lines represent the 95% confidence interval on the value of the regression coefficient

that is plotted. Unless otherwise indicated, data have been 24-hour low-pass filtered

and subsampled before calculating statistics and we assume the individual daily values

used in the regression to be independent observations.

4.3 Along-shelf wind stress

4.3.1 Velocity regression profiles

Profiles of the coefficient of a linear regression between the cross-shelf velocity com-

ponent, u, measured in each ADCP bin and shear velocity calculated from the along-

shelf component of wind stress, uy∗, are representative of the cross-shelf circulation’s

response to along-shelf wind forcing. The regression coefficient, shown as b in equa-

tion 4.2d, acts as a nondimensionalized velocity, showing the circulation’s response

to along-shelf wind forcing under various conditions per unit shear velocity. We com-

pare the circulation in mixed to stratified conditions, and for three surface mixed

layer thicknesses.

Mixed vs stratified

When the water is well-mixed (blue lines in Figure 4-6) there is near zero cross-shelf

circulation driven by along-shelf wind stresses at all water depths. This observation

is consistent with a turbulent boundary layer thickness, δ = u∗/f , usually greater

than the water depth, which we expect even for weak wind stresses in these shallow,

unstratified conditions. For f = O(10−4) s−1, ρ = O(10−3) kg/m3, and water depth

H = O(10) m, we only require a wind stress τ = O(10−3) Pa to reach δ > H. Wind
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stress magnitude is below 0.001 Pa for only about 1% of the time at MVCO. These

measurements are also consistent with the wintertime observations of Fewings et al.

(2008) who found near zero circulation driven by along-shelf winds at MVCO (12-m

site) and measurements by Lentz (2001), who found substantially reduced circulation

at moorings in 4 to 60 m water depth on the North Carolina shelf in unstratified

compared to stratified conditions.

We notice the profiles from mixed observations are less sheared than those from

the 1D model (black lines in Figure 4-6). The difference is likely due to the 1D model’s

underestimation of mixing, since it only includes wind and not other sources, such

as tides. The effect of tides increasing mixing and reducing wind driven cross-shelf

circulation in a numerical model is described by Castelao et al. (2010) for surface tides

and Kurapov et al. (2010) for internal tides. The 1D model also does not include any

effect of suface wave breaking, which is likely to increase mixing when waves, and the

winds that generate them, are large.

When the water is stratified (red lines in Figure 4-6), velocity regression profiles

from all four mooring sites show a dramatic increase in shear over profiles calculated

from times with mixed conditions. This behavior is consistent with the stratified event

profiles shown in Lentz (2001). These results also support Fewings et al.’s (2008)

statement that more vertically sheared velocity profiles were observed in summertime

than wintertime. Comparison to the Austin and Lentz (2002) numerical model will

be discussed with the up- vs downwelling comparison in section 4.3.3. Weisberg et al.

(2001) found in their model/observation comparison that accurate stratification was

required for their numerical model to reproduce the inner shelf circulation. These

observation of significant change in the inner shelf circulation driven by along-shelf

wind during stratified conditions at Martha’s Vineyard broaden the applicability of

Weisberg et al.’s result by showing the phenomenon is not particular to the three-

dimensional bathymetry and circulation of the West Florida Shelf.
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Figure 4-6: Velocity regression slope, b ∼ u/uy∗, for mixed (blue) and stratified (red)
conditions, and from a 1D numerical model (black) forced with field measurements
of wind stress during mixed conditions.

Mixed layer thickness

We separate stratified times into groups of various surface mixed layer thicknesses to

see if the mixed layer as defined by density also confines the cross-shelf circulation

containing the Ekman transport. The relationship between stratification and mixed

layer thickness is described in the third part of section 4.2.3 and shown in Figure 4-2.

Figure 4-7 shows velocity regression profiles from times with mixed layer thicknesses

grouped into 5 m bins, from 0-5 m (red), 5-10 m (green), and 10-15 m (blue) thick

at three mooring sites, water depths of 12, 17, and 27 m. With only three density

measurement heights at the 7-m mooring, we could not observe the variation in mixed

layer thickness there.

At all three sites, there are higher first zero crossings and larger surface velocities

for thinner mixed layers. For the 0-5 m mixed layer thickness profiles, where the mixed

layer thickness is less than half the water depth for all moorings, the shape and zero

crossing heights are similar (note that the x-axis scale is smaller for the 12-m site)

indicating a similar dynamical balance across all three sites. For all three sites, when

mixed layer thicknesses are less than half the water depth, the zero crossing elevation

seems to follow the mixed layer thickness. The progression with increasing mixed
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layer thickness was not shown in the similarly directed analysis by Lentz (2001), and

only the difference between a two-layer and a continuously stratified scenario was

described in Austin and Lentz (2002).

The thinner surface mixed layers and associated higher stratification present a

return flow uniformly distributed through the remainder of water depth. Deeper

mixed layers with lower total stratification appear to have a more bottom-intensified

return flow. This variation in shape in the return flow below Ekman transport agrees

with the analysis done by Lentz and Chapman (2004), which indicates that for a fixed

bottom slope and Coriolis parameter, a higher stratification should lead to a mid water

column return flow throughout a stratified interior while a lower stratification would

cause a bottom-intensified return flow in a well-mixed bottom boundary layer.

For all mixed layer thicknesses, the density profiles below the mixed layer are

sometimes continuously stratified and sometimes appear to have a bottom mixed

layer in addition to the surface mixed layer. The profiles shown in Figure 4-7 include

data with continuously stratified interiors, those with surface and bottom mixed layers

separated by a stratified interior, and profiles with a single density jump separating

surface and bottom mixed layers. Figure 4-3, shows the trend of tending to have

stronger stratification remaining below the mixed layer for mixed layers that are a

smaller fraction of the water depth. We cannot tell from the value of ∆σθ/∆z if

the interior of the flow has a narrow region of strong stratification above a bottom

mixed layer or if the stratification is instead gradual to the bottom. However, interior

stratification is equally susceptible to mixing away by bottom friction as by wind stress

at the surface so lower vertical density gradients also indicate a higher likelihood of

a well-mixed bottom boundary layer.

4.3.2 Transport fraction

The coefficient of a linear regression between the cross-shelf transport, U , calculated

from integrating measured velocity profiles, and Ekman transport, Uy
Ek, calculated

from the along-shelf component of wind stress, is representative of the cross-shelf
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Figure 4-7: Profiles of regression coefficient for b ∼ u/
√
τ sy/ρ for two mixed layer

thicknesses at 12-m site and three mixed layer thicknesses at 17 and 27-m sites. Thin
lines are 95% confidence intervals.

transport’s response to along-shelf wind forcing. For each of our four mooring sites,

these coefficients, each shown as B in equation 4.3a, represent the fraction of Ekman

transport resulting from along-shelf wind forcing under various conditions per unit of

wind stress.

Mixed vs stratified

In Figure 4-8, blue and red lines represent Ekman transport fraction for mixed and

stratified conditions, while black and teal lines are both calculated from the unstrat-

ified model. The black line is transport calculated using the full height of the model,

including velocities very near the surface. Since ADCP measurements stop several

meters below the surface, to more closely mimic the data processing, we also calcu-

late transports by truncating the modeled profiles at the height of the top available

ADCP bin and linearly extrapolating to the surface as we do with measured veloci-

ties. This second method, shown in teal, is an attempt to reduce the overestimation

of transport by the model, since we know surface velocities are overestimated due to
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underestimated mixing (ie., no wave breaking or convection at the surface). However,

the closeness of the two model lines and their distance from the mixed measurements

show that the cause of the discrepancy between regressions of measured and modeled

unstratified conditions is not limited to surface sources of mixing, and that the effect

of tides over the bottom likely extends throughout the water column.

There is near zero cross-shelf transport driven by along-shelf wind stress during

unstratified conditions (blue in Figure 4-8), which is consistent with the results of

Fewings et al. (2008). However, we see a dramatic increase in the fraction of Ek-

man transport under stratified conditions (red lines) where Fewings et al. (2008)

noticed only a weak nonzero transport associated with upwelling-favorable winds in

the summer. At all water depths, stratification increases cross-shelf transport driven

by along-shelf wind stress, but we also see the fraction of Ekman transport increase

with water depth from less than 5% UEk at the 7-m site up to 30% UEk at the 27-m

site. This increase in transport fraction with water depth indicates that the surface

and bottom boundary layers are not completely separated by the presence of any

stratification and the surface and bottom boundary layers still overlap out to 27 m

water depth. These observations are consistent with those of Lentz (2001), both in

the large increase in transport fraction with the presence of stratification and in the

trend of increasing transport fraction with water depth during stratified conditions.

The transport fractions for stratified conditions shown here are lower than those re-

ported by Lentz (2001) and Kirincich et al. (2005), but the top-to-bottom density

difference cutoff used to define stratified conditions is also lower.

Strength of stratification

While we used mixed layer thickness as one way to identify the range of stratified

conditions in Figure 4-7, we showed earlier, in Figure 4-2, that mixed layer thick-

ness is inversely proportional to total stratification strength. Here, we use total

water column stratification, ∆σθ/∆z, calculated between our top and bottom density

measurements as described in section 4.2.3, as the independent variable to better
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Figure 4-8: B ∼ U/(τ sy/ρf) for mixed (blue) and stratified (red) conditions, and
from 1D unstratified model, using full depth (black) and cutoff at top ADCP bin
height (teal)

compare our observations to previous works. Figure 4-9 shows fraction of Ekman

transport by along-shelf wind stress as a function of Brunt-Väisälä frequency squared,

N2 = −(g/ρ0)(∆σθ/∆z), calculated in quintiles of stratification strength, excluding

mixed conditions, for each of the four mooring sites. Each solid line is the linear fit

to the set of five points of the same color.

Two features are apparent in Figure 4-9. First, Ekman transport fraction increases

with increasing N2 for a given water depth. Second, transport fraction increases with

water depth for a given value of N2. The transport fraction trends towards the

theoretical deep water limit of 1 for strong stratification, which is as expected from

theory and previous observations by Lentz (2001). This positive correlation between

U/UEk and N2 supports results from Austin and Lentz (2002) and Kirincich et al.

(2005) who found that stratificaion increased transport by along-shelf winds, but is

contrary to the finding by Kirincich and Barth (2009) that stratification was not

correlated with transport fraction on the Oregon coast.

In deep water or with high stratification, we would expect transport to the right

of the wind stress to reach a constant value equal to the full Ekman transport and
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not change with continued increase in water depth or stratification. Except at the

27-m site, the lack of leveling off of the transport fraction at higher stratifications in-

dicates that the surface and bottom boundary layers are not fully separated, despite

the indication that they should be, based on the relationship between total strati-

fication and mixed layer thickness shown in Figure 4-2. These results indicate that

all momentum is not contained in surface boundary layer as defined by mixed layer

thickness (see velocity regression profiles in section 4.3.1). Other possible sources of

error here are that the 24 hr low-pass filtered mixed layer depth may not be good

representation of stratification at shallower sites and combining up- and downwelling

events may obscure the different magnitudes of the effect of stratification on on- or

offshore transport.

4.3.3 Asymmetry between up- and downwelling wind stress

For uniform density water, upwelling and downwelling wind stresses theoretically drive

equal and opposite circulations, while in stratified conditions, we expect upwelling
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to reduce mixing by bringing up continuously denser water and for downwelling to

enhance mixing by forcing lighter fluid under denser. For observations of the effect of

stratification, we work on the premise that upwelling and downwelling responses are

not symmetric so here we separate times with up- and downwelling forcing to separate

the effects of along-shelf wind direction and stratification on cross-shelf circulation

and transport.

Velocities

As observed for the combined up- and downwelling wind stresses in section 4.3.1,

there is a near zero cross-shelf circulation in mixed conditions, as show by the blue

lines in Figure 4-10, for both up- and downwelling conditions. In the field data,

we do not have a perfectly alongshore uniform topography nor perfect removal of

wave-driven flows. The realities of field measurements explain some of the difference

between our observations and the model of unstratified conditions. The non-zero

depth average may be a product of along-shelf variation in the local topography and

resulting circulation patterns where net on or offshore wind-driven transport at our

measurement site is balanced by an opposing net cross-shelf transport at another

along-shore location. The apparent onshore near surface velocity driven by upwelling

winds could be caused by incomplete removal of wave driven undertow, or imperfect

separation of along- and cross-shelf forcing. This phenomenon is most evident at our

12-m site and was also observed by Fewings et al. (2008), who noticed an onshore

transport by upwelling wind stresses calculated from wintertime velocity profiles from

the same location at MVCO.

The effect of stratification on the response to upwelling wind stress is clear. At all

four sites the surface velocity is significantly higher and the bottom velocity signifi-

cantly lower for stratified conditions than mixed. We see a similar but smaller change

in regression profile shape between mixed and stratified conditions for downwelling

wind stress, but the difference is almost entirely confined within the 95% confidence

intervals, which are wider than those for the upwelling cases. The larger effect of
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stratification for up- (vs down-) welling wind stress agrees with observations by Lentz

(2001) and Austin and Lentz (2002). Part of the difference in shear between up and

downwelling stratified responses may be due to the higher average stratification dur-

ing upwelling conditions but the wider confidence intervals do not necessarily follow,

as the wind stress magnitudes and number of data points are similar. The less-sheared

velocities during downwelling conditions indicate an increase in mixing of density as

well as momentum, which we expect in downwelling conditions. The wider confidence

intervals may also indicate an unsteadiness to downwelling conditions, again in line

with our theoretical downwelling scenario.

In the scenario of identical density profiles existing under up- and downwelling

wind stresses, we would expect the circulation to respond symmetrically. However,

the downwelling model of Austin and Lentz (2002) makes it clear that the density

field does not respond symmetrically to up- and downwelling wind stresses. The

surprising observation companion to these velocity regressions is the statistics of the

frequency of stratified measurements. When the water column is stratified at the

27-m site (we choose this criterion to exclude conditions when there are no strong

density gradients in the MVCO region), we would expect the 7, 12, and 17-m sites

to also be stratified for a larger fraction of time under upwelling than downwelling

wind stresses. However, the measurements do not match this expectation. Under

downwelling winds, the 7, 12, and 17-m sites are stratified 68, 80, and 72% of the

time that the 27-m site is stratified. With upwelling winds and stratification at 27 m,

the shallower sites are stratified at rates of 69, 74, and 76%. Apparently, the 12-m

site is more likely to be stratified by upwelling than downwelling wind stresses, while

the 7, and 17-m sites are not.

Transport

Stratification increases the cross-shelf transport for both up- and downwelling wind

stresses and both the upwelling and downwelling cases reflect the behavior observed in

the combined data set in section 4.3.2 of increasing separation of mixed and stratified
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Figure 4-10: b ∼ u/
√
τ sy/ρ mixed (blue) and stratified (red) response to upwelling

(top) and downwelling (bottom) wind stress

conditions with water depth. In the upwelling case, the transport is significantly

larger for stratified than for mixed conditions at all water depths. In the downwelling

case, the trend of increasing transport for stratified conditions is the same, but the

separation between mixed and stratified conditions is only significant at the 27-m

site.

While the difference between mixed and stratified conditions is larger for upwelling

than downwelling conditions, the stratified response is not significantly larger in the

upwelling case despite larger average stratification during the upwelling conditions.
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Again, we note that in the mixed, upwelling case we observe the unexpected and

probably nonphysical response of onshore (negative) transport from upwelling wind.
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Figure 4-11: B ∼ U/(τ sy/ρf) for mixed and stratified conditions with up- and down-
welling wind stress

4.4 Cross-shelf wind stress

4.4.1 Velocity regression profiles

Profiles of the coefficient of a linear regression between the cross-shelf velocity com-

ponent, u, measured in each ADCP bin and shear velocity calculated from the cross-

shelf component of wind stress, ux∗ , are representative of the cross-shelf circulation’s

response to cross-shelf wind forcing. The regression coefficient, shown as a in equation

4.2a, acts as a (scaled) velocity, showing the circulation’s response to cross-shelf wind

forcing under various conditions per unit of wind stress. We compare the circulation

in mixed to stratified conditions, and for three surface mixed layer thicknesses.

Mixed vs stratified

For both mixed (blue) and stratified (red) conditions shown in Figure 4-12, near

surface velocities are in the direction of wind stress with return flow over a larger
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portion of the water column below. The profiles from mixed observations are less

sheared than those from the 1D model (black). The difference is likely due to the

same two factors as described for along-shelf wind stress in section 4.3.1. The 1D

model underestimates mixing because it does not include bottom stress from tidal

velocities, which are prevalent in the field, especially for the shallower water depths.

This effect is most evident throughout the water column at the 7-m site. The 1D

model also does not include mixing from wave breaking, which likely increases the

eddy viscosity near the surface, especially when waves (and likely also wind-driven

circulation) are large.

For the 7, 12, and 17-m sites, the stratified profiles are significantly more sheared

than the mixed ones in the upper portion of the water column. The stratified profiles

also have higher surface velocities (12, 17 m) or stronger return flow (7, 17 m). The

shape of the profiles and the magnitude of the velocities are comparable to those

calculated by Fewings et al.’s (2008) binned averaging method. This increase in

shear at the shallower sites is also consistent with Fewings et al.’s observation that

summer profiles of cross-shelf wind driven circulation were more sheared than winter

ones. However, Fewings et al. noticed higher first zero crossing in summer than

winter, while we do not see a clear pattern in the direction of change in zero crossing

height across our four water depths.

Mixed layer thickness

For all but the shallowest (7 m deep) mooring site, we are able to separate stratified

conditions by the thickness of the surface mixed layer into ranges of 0 - 5, 5 - 10,

and 10 - 15 meters, shown in Figure 4-13. As shown in section 4.2.3, thinner surface

mixed layers are also representative of higher total stratification and regression profiles

(not shown) look similar if we instead separate stratified times by total stratification,

including times with no measurable surface mixed layer (could be shallower than our

top density measurement).

At the 12-m site, there is higher shear in the velocity profile. For either mixed
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Figure 4-12: Velocity regression slope, a ∼ u/ux∗ , for mixed (blue) and stratified (red)
conditions, and from a 1D numerical model (black) forced with field measurements
of wind stress during mixed conditions.

layer thickness, the regression slopes are non-zero indicating cross-shelf wind stress

drives circulation throughout the stratified water column.

At the 17-m site, the confidence intervals are wide for the 10 - 15 m mixed layer,

but this deeper mixed layer circulation does appear to have a higher surface velocity

than the thinner mixed layer. The 0 - 5 and 5 - 10 m mixed layers do not have

significantly different circulation, but for both these mixed layer thicknesses, there is

surface velocity in the direction of the wind and a significantly non-zero return flow

throughout the lower portion of the water column.

At the 27-m site, the confidence intervals are wide enough that the velocity profiles

for the three mixed layer groupings are not significantly different from each other

through most of the water depth. However, the surface velocity is smallest and the

first zero crossing highest for the thinnest mixed layer and the surface velocity largest

and first zero crossing lowest for the thickest surface mixed layer. The shapes of these

profiles are suggestive of an Ekman spiral confined within the surface mixed layer. A

thinner surface mixed layer forces the Ekman spiral to turn more tightly, causing this

down-wind component of velocity to reverse direction closer to the surface.

The most important feature of the profiles to notice here is that at all depths,

especially the shallower ones, there is a non-zero velocity. The stratified response to
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cross-shelf wind stress is not limited to the surface mixed layer as in Tilburg’s (2003)

numerical model.
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Figure 4-13: Profiles of regression coefficient for a ∼ u/
√
τ sx/ρ for three mixed layer

thicknesses

4.4.2 Transport fraction

The coefficient of a linear regression between the cross-shelf transport, U , calculated

from integrating measured velocity profiles, and Ekman transport, Ux
Ek, calculated

from the cross-shelf component of wind stress, is representative of the cross-shelf

transport’s response to cross-shelf wind forcing. A described in section 4.2.4, the cal-

culation is done assuming zero depth-averaged velocity. For each of our four mooring

sites, these coefficients, each shown as A in equation 4.3a, represent the fraction of

Ekman transport resulting from cross-shelf wind forcing under various conditions per

unit of wind stress.
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Mixed vs stratified

In unstratified conditions, we can expect the cross-shelf transport to increase across

the shelf towards the deep water limit as the water depth increases towards the

unstratified frictional boundary layer thickness scale of u∗/f . The deep water limit is

0.32(τ/ρf) for constant eddy viscosity and ∼ 0.4(τ/ρf) in the 1D model we use here.

In Figure 4-14 the observed transport fraction for mixed conditions (blue) increases

with water depth, though stays at about half the value predicted by the 1D numerical

model (black). Processing the model output like the data (teal) produces an estimate

of transport that is only slightly closer to our observations than from using the full

water depth of model output. Since the truncated model data does not produce a

much closer match to transport calculations made from the ADCP measurements, we

infer that the the higher value predicted using the the model is primarily due to the

model underestimating mixing, and not limited range of our ADCP measurements.

In stratified conditions (red in Figure 4-14) we see a significant increase in trans-

port over unstratified conditions for the 12 and 17-m sites. At the 7 and 27-m sites,

there is not a significant change at the 95% confidence level. At the 12-m site, the

stratified transport fraction is about twice as large as for mixed conditions, which

is similar to the difference between summer and winter observed by Fewings et al.

(2008) for offshore wind stress. Here, the on- and offshore wind stresses are combined

but will be considered separately in section 4.4.3. The stratified transport fraction

increases sharply from 7 to 12 m, and decreases (though not significantly) from the

12 to 17 and 17 to 27-m sites. This leveling off of the stratified transport fraction

indicates that the upper and lower boundary layers may be separated, reaching the

deep water limit of transport as best we can measure with our height-limited field ob-

servations. This observation is surprising, however, when considered in the context of

our along-shelf wind stress transport estimates, which suggested that even with high

stratification at our deepest site, we had not yet reached fully separated upper and

lower boundary layers. However, for along-shelf wind stress, depth of two times the

boundary layer thickness is needed for full separation and for cross-shelf wind stress,
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a lower boundary layer does not necessarily develop, so depth of only one boundary

layer thickness would be necessary to reach maximum transport.
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Figure 4-14: A ∼ U/(τ sx/ρf) for mixed and stratified conditions, and from 1D un-
stratified model, using full depth and cutoff at top ADCP bin height. Need to add
legend

Strength of stratification

As for along-shelf wind stress in the second part of section 4.3.2, to evaluate the effect

of varying stratification on cross-shelf transport, we use total water column stratifica-

tion, N2, to make our independent variable in order to better compare our observations

to previous works. Figure 4-15 shows fraction of Ekman transport by cross-shelf wind

stress as a function of Brunt-Väisälä frequency, N2 = −(g/ρ0)(∂σθ/∂z), calculated

in quintiles of stratification strength, excluding mixed conditions, for each of the four

mooring sites. The black line in Figure 4-15 is the transport fraction predicted by

Tilburg’s (2003) deep water parametrization U = 0.32(τ sx/ρf)(1 + C2N
2/f 2)−1/4,

and empirical constant C2 = 2× 10−4.

Here, we find no clear relationship between U/Ux
Ek and N2. This results does not

match Tilburg’s (2003) results of transport by cross-shelf wind stress decreasing for

increasing N2 in deep water, nor does it align with our expectation, based on the
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Figure 4-15: A ∼ U/(τ sx/ρf) vs N2

separation of mixed from stratified conditions in the previous section, of an increase

in U/Ux
Ek with increasing N2 on the inner shelf where increasing stratification will

increasingly reduce mixing. Tilburg did not specifically report on the effect of initial

stratification on inner shelf transport, but it appears that his 2D numerical model

never created a stratified inner shelf so there is not a direct comparison to be made

with these observations. This lack of a clear relationship may be due, at least in part,

to the large confidence intervals on our u/ux∗ and Ux
Ek calculations (not shown, similar

to those in Figure 4-13) when we further subdivide stratified conditions into various

strengths.

4.4.3 Asymmetry

As with the upwelling and downwelling wind stress scenario, in the case of uniform

water density, theory predicts a symmetric response to onshore and offshore wind

stresses. When the water is stratified, we expect an offshore wind stress to enhance

stratification by pulling denser water from deeper, offshore locations into the lower

water column and an onshore wind stress to decreasing stratification by forcing lighter

fluid under denser. Here we separate times of onshore and offshore wind stress. In

the mixed cases, this separation demonstrates how far our field data varies from
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the theoretically symmetric response. In the stratified cases, we observe the effect

of existing stratification on the inner shelf by presenting the circulation driven by

on- and offshore wind stresses in stratified conditions. Tilburg’s model analysis did

not demonstrate any asymmetry in transport driven by onshore and offshore wind

stresses. However, that analysis was based on mid shelf transport where circulation

is confined to the surface mixed layer so there was no cross-shelf buoyancy advection

by the cross-shelf circulation.

Velocities

Figure 4-16 shows the stratified (red) and mixed (blue) response to onshore (4-16(a))

and offshore (4-16(b)) wind stresses. The mixed profiles (blue lines in Figure 4-16(a)

and 4-16(b)) show the symmetry expected for uniform density water and are the

same to within their 95% confidence intervals for most of the water depth. Very near

the surface the onshore wind drives a stronger velocity then the offshore wind. This

difference may be due to our linear treatment of the truly nonlinear combination of

along-shelf and cross-shelf wind stresses (see thesis section 5.6).

For onshore wind stress (Figure 4-16(a)), the stratified response is not significantly

different from the mixed response at the 95% level. At the 12, 17, and 27-m sites the

stratified responses are not more sheared near the surface than for the mixed cases.

For offshore wind stress (Figure 4-16(b)), the stratified profiles are more sheared than

the mixed ones with significantly higher (near surface) or lower (near bottom) values

than the mixed profiles throughout much of the water column at the 12, 17, and 27-m

sites.

The most interesting and obvious difference between offshore and onshore strat-

ified profiles is the general difference in shape. The offshore profiles have a deeper

surface region of flow in the direction of the wind stress. At the 17 and 27-m sites, the

return flow also appears to have uniform magnitude over several meters of the lower

water columns before curving back towards zero approaching the bed. In contrast,

the onshore, stratified profiles have a more gradual and uniform shear throughout the
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water column.

The stratified cases for offshore wind stress have lower average stratifications than

for onshore wind stress at all four sites and the difference is significant at the 17

and 27-m sites. It is the offshore wind that drives a more sheared circulation so it

is not a higher stratification that allows the observed higher shear. One possible

explanation is that the higher stratification more fully separates the surface and

bottom boundary layers, more often preventing the onshore wind stress from driving

circulation throughout the water column. The difference in the stratified response

between onshore and offshore wind stresses also may be due to buoyancy advection

of the cross-shelf density gradient. South of Martha’s Vineyard, water near the coast

tends to be lighter than water farther from shore, so the offshore wind stress, while

acting on a lower average stratification, is contributing to an increase in stratification

by advecting lighter near-shore water over denser water from father offshore. In

contrast, the onshore wind stress will advect denser water from offshore over lighter

water from nearer to shore.

Transport

Stratification increases the cross-shelf transport for both on- and offshore wind stresses

(Figure 4-17) and both cases reflect the behavior observed in the combined data set

in section 4.4.2 of increasing separation of mixed and stratified conditions with water

depth due to an increase in the stratified transport. For offshore wind stress, the

stratified transport is larger than the unstratified transport at all water depths and

the difference is significant the 12 and 17-m sites. For onshore wind stress, the

stratified transport is larger than the unstratified transport at the 12, 17, and 27-m

sites, but the differences are not significant at the 95% confidence level.

Fewings et al. (2008) found higher transport by offshore wind stress in summer

than in winter. However, in that analysis, transport by onshore wind stress did

not increase and was actually slightly lower than the wintertime transport by the

same magnitude onshore wind stresses. This difference is surprising since data for
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Figure 4-16: a ∼ u/
√
τ sx/ρ mixed and stratified conditions with on- and offshore

wind stress

Fewings et al.’s work were collected from the same location as our 12-m site. The

discrepancy may be explained by Fewings et al.’s lack of stratification data. While

season is generally a good indicator of stratification (see Chapter 2, section 2.2.3),

that relationship is strongest at our deepest sites and weakest at the shallowest ones.

It is possible that the subset of summertime conditions Fewings et al. used (onshore

wind stress with small along-shelf wind stress and small waves) also selected for

times that were well mixed. While confidence intervals are wide at all depths, the

switch to having higher transport by onshore wind than offshore wind at the 27-m
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site in stratified conditions may indicate the 27 m is far enough from shore that

stratification there is not affected by the overturning circulation on the inner shelf

on a synoptic time scale. Away from a coastal boundary, symmetry is expected in

the response to on- and offshore wind stresses. Tilburg (2003) found no difference

in evolution of circulation or stratification between on- and offshore wind stresses, as

Austin and Lentz (2002) did for the up- and downwelling cases. Tilburg’s comparison

of cross-shelf transport to a linear function of wind stress with a weak dependence

on stratification (Equation 25 and Figure 14 in Tilburg, 2003) indicates that none is

expected from theory or generated by that model configuration.

In unstratified conditions, a symmetric response to onshore and offshore wind

stress is expected, but in these observations onshore wind stress (blue) drives more

transport than offshore wind stress (cyan) at 12, 17, and 27 m depths, with a signif-

icant difference at the 12-m site. The observed asymmetry suggests the circulation

is either not completely two-dimensional, as we have assumed, or not completely

separated from the influence of the along-shelf wind stress.
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Figure 4-17: A ∼ U/(τ sx/ρf) for mixed and stratified conditions with on- and offshore
wind stress
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4.5 2D Dynamics

Our working hypotheses for cross-shelf circulation by along-shelf wind stress (Austin

and Lentz, 2002) and cross-shelf wind stress (Tilburg, 2003) are illustrated in previous

model results with several notable differences. In each case, the model’s incessant

wind never affords the newly steepened isopycnals a chance to restratify and new

buoyancy is never added so the source for density gradients is only destroyed and

never regenerated. These two processes may explain the discrepancies between model

behavior and our measurements.

So far in this analysis, we have presented the response to wind forcing as a steady

and one-dimensional process by comparing collocated density and velocity measure-

ments and considering each of our four mooring sites separately. Now we explore

the spatial and temporal evolution of a wind-driven event to explain the processes

that drive the observed responses. The first subsection (4.5.1) outlines the individual

contributions of a cross-shelf density gradient, vertical mixing, advection, and surface

heat flux could have on the structure of the velocity and density fields. The second

subsection (4.5.2) describes how those mechanisms combine on the inner shelf and

affect the two-dimensional circulation we understand to result from along-shelf and

cross-shelf wind stresses. The third subsection (4.5.3) discusses the significance of

two-dimensional processes on a truly three-dimensional inner shelf.

When the water is stratified, we envision a wind stress to drive both vertical mix-

ing and horizontal advection of buoyancy. Wind mixing to the bottom over sloping

bathymetry creates a horizontal density gradient as it destroys the vertical one. Once

a cross-shelf density gradient is set up, the cross-shelf velocity can advect buoyancy

across the shelf while shear in the cross-shelf velocity can enhance or reduce stratifica-

tion. A cross-shelf density gradient may generate stratification as vertical isopycnals

slump into a thermal wind balance. Throughout mixing and slumping events, a sur-

face heat flux can continuously add buoyancy at the surface. We will address the

time and spatial scales of each of these processes separately and then in combination.
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4.5.1 Mechanisms

Thermal wind balance

The slumping of a cross-shelf density gradient into a thermal wind balance can create

stratification. An unbalanced cross-shelf density gradient will accelerate a vertically

sheared cross-shelf flow until the Coriolis acceleration turns the flow to the right. At

that point a thermal wind balance is established, with vertical shear in the along-shelf

velocity balancing the cross-shelf density gradient. The strength of the cross-shelf

density gradient determines how far the isopycnals slump during spin-up and the

speed of the final flow, and the time to establish the thermal wind balance scales

as f−1. If we assume a constant balance between acceleration and the cross-shelf

pressure gradient over the spin-up time, we can estimate the final horizontal spread

of initially stacked water parcels by twice integrating the momentum equation. By

estimating the slumping distance of an initially vertical isopycnal, we can estimate

the stratification created by the slumping process.

∂u

∂t
=

1

ρ

∂P

∂x
with

∂P

∂z
= −ρg (4.4a)

so for parcels vertically separated by height h

∆u

∆t
=

1

ρ

∆ρgh

∆x
= −gh

ρ

∆ρ

∆x
(4.4b)

∆u =
gh

ρ

∆ρ

∆x
T with ∆t = T (4.4c)

then ∆X =
gh

ρ

∆ρ

∆x

T 2

2
(4.4d)

where ∆u is difference in the two parcels’ cross-shelf velocities, ∆X is the parcels’

cross-shelf separation, and this scaling should hold over spin up period T = 2π/f .

Typical values for these terms are g = O(10) m/s2, h = O(10) m, ρ = O(103) kg/m3,

∆ρ/∆x = O(10−5) kg/m4, and T = O(105) s. With this scaling, we find a slumping

isopycnal could move an initially stacked top-bottom water parcel pair roughly 5 km
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apart in the cross-shelf direction, creating a vertical density difference of 0.05 kg/m3

over the 10 m water depth. Coincidentally, ∆σθ = 0.05 kg/m3 is the cutoff we used in

the observations to define stratified conditions so any cross-shelf density gradient on

the upper end of the typical range of values could potentially create a stratified inner

shelf as it slumped into thermal wind balance. For a cross-shelf density gradient, the

thermal wind balance is
∂v

∂z
= − g

ρof

∂ρ

∂x
(4.5)

The spin up period, 2π/f , is approximately 17 hours at this latitude, but the thermal

wind balance holds best on longer time scales in the data. Figure 4-18 shows an

evaluation of the thermal wind balance at Martha’s Vineyard. vertical shear of along-

shelf velocity compared to a prediction for that value based on the cross-shelf density

gradient. Data in Figure 4-18 were smoothed with a 2-week low pass filter to remove

higher frequency, synoptic scale accelerations from wind-stress driven circulation.

The vertical shear was estimated by the slope of a linear fit to the along-shelf velocity

profiles. The cross shelf density gradient was estimated by differencing the depth-

average density from one mooring site with an average of the density measurements

from the surface down to the matching depth from the next deeper mooring location.

Mixing

Wind mixing times scales are short for both stratified and unstratified conditions.

A typical surface stress τ = 0.1 Pa yields a shear velocity, u∗ =
√
τ/ρ = O(10−2)

m/s. The unstratified turbulent boundary layer scaling δ = κu∗/f with Von Kármán

constant κ = 0.4, is O(100) m, which is greater than our water depth. Instead, mixing

time will be limited by our water depth, d = O(10) m, during unstratified conditions.

In stratified conditions, the mixed layer thickness scales as δ = u∗/
√
Nf as described

by Pollard et al. (1973). A typical value of Brunt - Väisälä frequency is N = 10−2

s−1 yields a boundary layer thickness scalings δ = u∗/
√
Nf = O(10) m. We find a

mixing time scale, δ/u∗, to be O(103) s or about 20 minutes. This short time scale
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Figure 4-18: Testing thermal wind balance between shear at 12, 17, and 27 m ADCPs
with density difference between pairs of adjacent moorings. Data are filtered and sub-
sampled with a two-week low pass filter.

for adjustment confirms that mixing should reach a nearly steady state in the time

between field measurements (also 20 mins).

Our observations match both qualitatively and quantitatively with these predic-

tions for mixed layer thickness. The 7 and 12-m sites are frequently mixed and re-

stratified during the summer, while the 17 and 27-m sites remain stratified throughout

the summer season, suggesting that the mixed layer thickness our summer conditions

tend towards is somewhere between 12 and 17 m thick. When we compare predictions

of mixed layer thickness to stratification data in Figure 4-19, we find the expected

trend of mixed layer thickness increasing with wind stress. The wind stress appears

to set the minimum mixed layer thickness. This bias makes sense because as wind

stress increases, we expect the mixed layer growth to keep adjusting faster than we

are (sub)sampling. As wind stress decreases, the water column does not instantly

restratify without the addition of buoyancy from surface heating or horizontal advec-

tion, which respond over longer time scales. Surface cooling and wave mixing could

also create or thicken a surface mixed layer without the need for mixing by surface

wind stress.
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Figure 4-19: Testing δEk = u∗/
√
Nf as scale for mixed layer thickness

Advection

Where there is a cross-shelf density gradient, cross-shelf circulation can advect buoy-

ancy across the shelf and feedback on the stratification. We estimate how far a

density front might be advected during a typical wind event and how much buoyancy

advection could increase stratification in the case of upwelling or offshore wind stress.

In the Austin and Lentz (2002) model, a density front is moved continuously

offshore or onshore by upwelling or downwelling wind stress, respectively. When the

model was initialized with strong stratification between two constant-density layers, in

both upwelling and downwelling cases the region onshore of the density front filled up

with unstratified water. We have noticed that our deeper mooring sites, particularly

the 27-m site, remain stratified throughout the summer season so we ask how far a

front might be advected during a summertime wind event and if it is reasonable to

expect the 27-m site to remain outside the well-mixed region. We will not separate

the up and downwelling responses at this time. In a typical summer wind event with
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τ = 0.1 Pa, for T = one day or O(105) s, the cross-sectional area flushed by the

Ekman transport during an event is expected to scale as τ/ρf × T . This transport

could flush out a nearshore triangular cross-sectional area of 1/2× d×∆x for depth

d and distance to shore, ∆x = d/α, where α, bottom slope, is O(10−3) at our site.

Combining these scalings, we estimate the depth to which an up- or downwelling front

would reach to be

d =

√
2αTτ

ρf
≈ 14 m (4.6)

Thus for a moderate wind stress, we do not expect an up or downwelling front to

reach the 27-m mooring within a day. Flushing the volume onshore of the 27-m site

would take four times the volume and hence four times as long as to fill the shelf

inside of 14 m depth. Wind stresses south of Martha’s Vineyard are dominated by

synoptic scale events that are usually less than four days in duration. In sections 4.3.2

and 4.4.2 we observed cross-shelf transport by along- and cross-shelf wind stresses in

stratified conditions to be less than 25% of the theoretical Ekman transport value so

if we scale down the estimate of d accordingly, with U = UEk/4 we find d ≈ 7 m.

Making the same calculation with our lower, observed transport fraction makes the

idea of and up- or downwelling front reaching the 27-m site highly unlikely.

The second question we ask about cross-shelf advection is how much buoyancy

is advected in a typical wind event? Even if these conditions do not have a clear

representation in numerical models run by Austin and Lentz (2002) or Tilburg (2003),

we know our field site usually has a positive cross-shelf density gradient (lighter

water near the coast, denser offshore) and that gradient is larger in summertime

(Figure 2-10), when stratification is common. For the observed transport response,

U = UEk/4, distributed over a mixed later thickness δ = 10 m for τ = 0.1 Pa for one

day, we estimate a given outcropping isopycnal can move ∆x = U × T/δ = 2.5 km.

Summertime ∂ρ/∂x is of O(10−5 to 10−4) kg/m4 (table 2.3). Using the smaller value,

advection of this typical gradient could create 2.5×10−2 kg/m4 of vertical density

difference in a day. The resulting increase in stratification would be, N2 = 2.5× 10−4
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s−2, a measurable and dynamically significant change. The larger cross-shelf density

gradient value is typical for the span between our 7 and 12-m moorings while the

lower value is representative of the gradients spanning 12 to 27-m sites. Finding

this larger gradient in shallower water supports our earlier hypothesis that the cross-

shelf density gradients are generated when mixing reaches the bottom in previously

stratified location of varying total water depth. The surface mixed layers at the 17

and 27-m sites do not reach the bottom in summertime so have similar density values

at a given depth below the surface.

Surface heat flux

Surface heat flux, Q, varies on two major times scales, daily and annual cycles. The

daily cycle is large but similar in period to the 24 and 24.84 hour tidal constituents

so we filter it out of the density and velocity data and create a daily-average value

of surface heat flux to use for this analysis. The seasonal cycle heats the shelf over

the summer months as shown in Chapter 2, Figure 2-3 and described in detail by

Fewings and Lentz (2011). Daily averages (Figure 2-5), further modulated from the

seasonal cycle by weather conditions, are around 200 W/m2 in the summer. The heat

capacity, cp, of seawater is about 4x103 J/kg ◦C so in a day, this heat flux can raise

the water temperature by about 0.5 ◦C over 10 m water depth. For mixing through

the full water depth over a bathymetry slope of α = 10−3, this surface heat flux would

create a cross-shelf density gradient O(10−5) kg/m4 in 10 m water depth. If instead

the heat flux was mixed through only the upper half of the water column, it would

instead create a stratification N2 of O(10−4) s−2, a small but measurable value at

Martha’s Vineyard.

4.5.2 Comparing and combining forcing mechanisms

Mixing, heating, advection by wind driven flows, and advection by pressure gradient

driven flows (slumping) are the four mechanisms discussed above that combine to

drive the transport and stratification patterns we observed in sections 4.3 and 4.4.
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Mixing works on a short, 20 minutes, time scale. Slumping of isopycnals and spin-

up of a thermal wind balance evolve over an inertial period of 17 hours. Advection

by wind driven flow occurs over synoptic time scales of a day or a few days. The

component of surface heat flux we address here varies over daily and synoptic time

scales. The truly nonsteady and nonlinear nature of these processes makes them

difficult to separate in the data so we consider their spatial and temporal scales

together with evidence from our observations to decide which balances are likely

dominant and testable with a numerical model.

Here, we keep in mind that density is a dynamic tracer, simultaneously affect-

ing and being transported by the circulation. The speed with which mixing occurs

may prevent the other mechanisms from generating the stratification that would be

expected from considering each alone. Surface heat flux alone clearly increases strat-

ification and the summertime values are high enough to increase stratification on a

daily time scale, but if mixing is too strong for vertical density gradients to grow,

the surface buoyancy flux will instead contribute to the cross shelf density gradient

wherever mixing reaches the sloping bottom. A cross-shelf density gradient can lead

to stratification by slumping or advecting of isopycnals, but these processes would

also be inhibited by strong mixing. After wind has created a mixed layer and steep-

ened isopycnals to vertical, any small increase in stratification may quickly be mixed

away by the still-high eddy viscosity before enough stratification is regenerated to

inhibit mixing. The short time scale for mixing compared to that for advection and

surface heating may prevent the positive feedback we expect between upwelling or

offshore wind stress and stratification. Quiescent periods during the deceleration of

wind-driven flow may provide the chance for buoyancy to be advected without instant

remixing. Any coincident surface heat flux would further enhance the restratification

process.
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Along-shelf wind

For along-shelf wind stress, our observations generally agree with previous observa-

tional (Lentz, 2001; Kirincich et al., 2005) and modeling (Weisberg et al., 2001; Austin

and Lentz, 2002) results. We find transport contained in the surface mixed layer and

note that our deeper sites tend to remain stratified throughout wind events in the

summer season (see Chapter 2). Shallower regions become mixed and along-shelf wind

stress becomes ineffective at driving cross-shelf circulation there. On a shelf with with

a positive cross-shelf density gradient (lighter water near shore, denser far from the

coast), upwelling circulation should enhance stratification, while downwelling circula-

tion should decrease stratification. However, our stratification data shows a surprising

lack of sensitivity to wind direction and there is no clear difference in the relationship

between wind stress and stratification between upwelling and downwelling condition.

When the 27-m site is stratified, there is not the expected behavior of upwelling wind

stresses consistently being more likely to maintain stratification at the shallower sites

than downwelling wind stresses.

While the velocity profiles in Figure 4-10 are shaped differently for upwelling and

downwelling wind stress, our four fixed measurement locations may not capture a

key feature of differences between upwelling and downwelling events - the spatial and

temporal evolution of a nearly vertical density front. On the stratified side, there is

little difference between upwelling and downwelling events and on the mixed side, we

no longer consider our measurements to be part of a stratified event.

A second inconsistency we noted earlier is that while our estimates of mixed layer

thickness indicate our deeper site should have well-separated surface and bottom

boundary layers in stratified conditions, we see a continued increase in Ekman trans-

port fraction with both increasing water depth and stratification (Figure 4-9). While

a day is longer than the inertial period we expect Ekman transport to require for spin-

up or spin-down, the temporal evolution of circulation and transport is still blurred

by our filtering and subsampling process so the profiles we examine may not repre-

sent the magnitude of a fully developed Ekman spiral. Since the mixing process is
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not reversible, including both accelerating and decelerating times does not necessarily

have a net zero effect on the smoothed result. Of the various wind and stratification

conditions we’ve considered, the velocity profile for stratified upwelling conditions at

the 27-m site (Figure 4-10(a)) shows the only hint of a surface and bottom boundary

layer separated by a less sheared interior. Separated boundary layers are also suggest

by an Ekman transport fraction that reaches 1 for strong stratification at the 27-m

site (Figure 4-9).

Cross-shelf wind

For cross-shelf wind stress, there is surface mixing by wind and a near-surface trans-

port in the direction of wind stress that is either balanced by the lower portion of an

Ekman spiral in deep water or a pressure gradient driven return flow in water less

than a boundary layer thickness in depth. On a shelf with with a positive cross-shelf

density gradient (lighter water near shore, denser far from the coast), offshore wind

should enhance stratification and decrease the cross-shelf density gradient, while on-

shore wind should decrease stratification and increase the cross-shelf density gradient.

We would expect then, to measure higher stratification during times of offshore wind

stress, but this is not the case. The stratification is slightly higher, on average, during

onshore than offshore wind stress conditions, indicating that advection by the cross-

shelf wind stress is not the mechanism generating the stratification. The directional

effect may be partly obfuscated by the correlation of onshore and upwelling favorable

wind stresses in the summertime, when the wind usually blows towards the northeast.

These two components of the wind tend to move the surface water in opposite cross-

shelf directions. The lack of a clear difference in the relationship between wind stress

and stratification for onshore and offshore wind directions is surprising in light of the

larger increase in circulation and transport with stratification by offshore winds, as

described in section 4.4.3.

In stratified water deeper than a boundary layer thickness, we expect a full Ekman

spiral to developed with cross-shelf velocities in the direction of the wind near the
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surface and a return flow directly beneath it, all within the surface boundary layer.

At the 7, 12, and 17-m sites, most of our stratified profiles for onshore, offshore, and

combined wind directions (Figures 4-12, 4-16) indicate only a wind stress - pressure

gradient balance with return flow distributed throughout the water column below

the first zero crossing of velocity. However, in Figure 4-13, profiles from the 17 and

27-m sites indicate that the lower portion of the circulation has a more complicated

structure than a smoothly curved pressure gradient driven return. At 27 m, the near

surface portions of the three profiles show a smaller surface velocity and higher first

zero crossing for a thinner surface mixed layer; this is the trend we would expect from

the wind-parallel component of an Ekman spiral limited by mixed layer thickness.

One discrepancy between our observations and Tilburg’s model remains. Tilburg’s

model predicts all circulation to be contained in the surface mixed layer and our

observations clearly show that it is not, so we still ask how is circulation driven in the

stratified part of the water column or how is stratification maintained in the wind-

driven flow? Advection, slumping, and surface heat flux all can increase stratification

of the inner shelf so we will look to an implementation of ROMS in Chapter 5 to

determine which of these mechanisms is most responsible for creating a stratified

inner shelf.

Comparing transport by both wind components

Here we compare the transport driven by along-shelf and cross-shelf wind stresses

in mixed and stratified conditions to compare their relative strengths at difference

locations across the inner shelf. In mixed conditions (Figure 4-20(a)), the cross-shelf

wind stress drives a larger cross-shelf transport than the along-shelf wind stress at all

four mooring sites. This result agrees with the observations from 12 m depth, and 1D

numerical modeling results from Fewings et al. (2008). While that 1D model showed

along-shelf wind stress approaching the effectiveness of cross-shelf wind stress near

30 m water depth, that model (the same as the 1D model used in various parts of

this chapter) does not include mixing from any sources besides the wind-driven flow.
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In the field, bottom friction from tidal velocities increases the mixing throughout the

water column. The higher mixing allows momentum from the surface winds to reach

the bottom faster, decreasing the effectiveness of along-shelf winds at a particular

water depth, and moving the outer edge of the inner shelf to a deeper location than

predicted by the simple model. We notice that the transport fraction by cross-shelf

wind stress increases with water depth. This increase is expected because on the

inner shelf, where the water depth is less than a boundary layer thickness, we expect

the transport by cross-shelf wind stress to scale like u∗h, which is derived from the

classic log layer velocity solution (e.g., Flierl and Ferrari, 2006), rather than the deep

water, full boundary layer transport scale of τ/ρf .

When there is stratification (Figure 4-20(b)), the cross-shelf wind stress drives a

larger cross-shelf transport at the 7 and 12-m sites. We speculate that the stratifica-

tion allows for greater shear in the velocity profiles, but momentum is still transferred

from surface to bottom increasing the efficiency of the cross-shelf wind stress / pres-

sure gradient balance. At the 17 and 27-m sites, the along-shelf wind is dominant.

This change indicates the surface and bottom boundary layers are more fully sepa-

rated at the deeper sites, allowing the along-shelf wind to drive a greater fraction of

full Ekman transport.
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Figure 4-20: Transport fraction driven by along-shelf (black) and cross-shelf (purple)
wind stresses in mixed (a) and stratified (b) conditions.
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4.5.3 2D analyses on a 3D inner shelf

The analyses in this chapter are based on the assumption of along-shelf uniformity.

This assumption, combined with the very realistic no flow through the coast con-

straint, is what allows us to take ū = 0 as part of the solution to the steady, shallow

water equations. The inner shelf at Martha’s Vineyard has smooth, nearly east-west

isobaths for most of the width of Martha’s Vineyard, but the topography is com-

plicated by varying bed roughness (Goff et al., 2005) and the channel east of the

island, between Martha’s Vineyard and Nantucket (Ganju et al., 2011). Here we

demonstrate the significance of the two-dimensional, wind-driven circulation relative

to other sources of cross-shelf transport.

Depth-average flow

The time-mean depth-average subtidal cross-shelf velocities at all four SWWIM sites

are 1.0, 0.98, 1.7, and -0.19 cm/s at the 7, 12, 17, and 27-m sites with standard

deviations of 2.1, 1.3, 2.1, and 1.8 cm/s. At the 12 m deep MVCO node, Lentz

et al. (2008) found that, in winter, the depth-average cross-shelf flow was almost

entirely explained by the wave driven undertow, consistent with a two-dimensional

(along-shore uniform) circulation at our field site, and Fewings et al. (2008) found

that when waves were small at MVCO, the time-mean, depth-average cross-shelf

velocity was nearly zero. For the four SWWIM sites, wave-driven circulation in

mixed and stratified conditions are indicated by the blue lines in third column of all

figures in Appendix 4.A. The wave driven flow is of similar size to the wind-driven

circulation, but since Lentz et al. (2008) showed these Eulerian velocities to be equal

and opposite to the Lagrangian Stokes drift, the wave undertow may not drive any

particle transport. The red lines in those same figures indicate the residual circulation

associated with the waves after estimates of the wave undertow were removed from the

velocity data. Using the velocity data with wave undertow removed, the remaining

time-mean depth-average subtidal cross-shelf velocities at all four SWWIM sites are

-0.8, 0.3, 1.3, and -0.3 cm/s at the 7, 12, 17, and 27-m sites with standard deviations
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of 1.1, 0.9, 2.0, and 1.8 cm/s. Means are lower in winter than summer with the

biggest difference at the 12-m site, where the wintertime mean (0.16 cm/s, std 0.84

cm/s) was similar to the value (0.1 cm/s mean, 0.8 cm/s std) reported by Lentz et al.

(2008), and the summer time mean was three times that size (0.50 cm/s mean, std

0.088 cm/s). The larger (∼2 cm/s) standard deviations of the residual circulation

at the 17 and 27-m sites indicate that the wave undertow does not account for the

depth-averaged flow as well at the deeper sites as the shallower ones (∼1 cm/s std).

In their recent review paper, Lentz and Fewings (2011) used a scaling of the

depth-averaged continuity equation to show that on the inner shelf, fluctuations in

the depth-averaged cross-shelf velocity were likely due to along-shelf variation in forc-

ing or bathymetry, and that this scaling is the dominant one for ū in water depth

greater than 10-20 m, depending on the specific waves and bathymetry. The standard

deviations of the depth-averaged velocity are between 1-2 cm/s at all four SWWIM

sites. This scale for fluctuating cross-shelf velocity is smaller than, though the same

order of magnitude as, the wind-driven circulation, suggesting that along-shelf non-

uniformities are neither the dominant nor a negligible source of cross-shelf transport

at Martha’s Vineyard.

Regression slope profiles

In the regressions on measured velocity profiles described in section 4.2.4, the depth-

average values were not removed from the data so that any non-zero depth-average

circulation driven by wind would be evident in the regression slope profiles presented

in sections 4.3.1, 4.3.3, 4.4.1, and 4.4.3. This is in contrast to when depth-average

values were removed to calculate transport. A regression slope profile with a non-zero

depth average indicates that the wind forcing is responsible for some spatially varying

circulation, either due to spatial variation in the wind forcing or wind forcing act-

ing on nonuniform along-shelf bathymetry. Assuming the perfect linear relationship

described by the regressions, a non-zero depth-average value of the regression slopes

would contribute to the time-mean circulation as a multiplier of the time-mean of the
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forcing time series (ux∗ or uy∗). Most of the regression slope profiles used in this chapter

have near zero depth-averages, with the exception of the 17-m site in mixed condi-

tions which appears to have a net onshore flow driven by downwelling and offshore

wind stresses.

The final term in the velocity regressions of section 4.2.4 is the constant term,

which has not been discussed until now. Values for this term for mixed and stratified

conditions at all four sites are shown in the last column of all figures in Appendix 4.A.

Note that the horizontal axis limits of these figures are 100 times smaller than for

the other three terms of the regression. Since this term is not a ratio to any velocity

scale, it directly represents a cross-shelf velocity, in units of m/s. Typical values of

the velocity scales, u∗ and uSt, are 0.01 m/s so a value of 0.01 for the constant term

represents a similar strength circulation to a value of 1 for the other terms.

The depth-average value of this constant term makes up the remaining portion of

ū that is not accounted for by time-means of the depth-averages of the wind terms

in the regression, < āux∗ + b̄uy∗ >. The vertical structure of this term, however, could

also lead to cross-shelf transport without violating any no flow through the coast

assumptions in the same way that transport by wind-driven circulation does: above

the first zero crossing of the regression profile. These transports turn out to be small

compared to the wind-driven circulation. Using 0.01 m/s as a typical velocity scale

for the wind and wave terms, which leads to an Ekman transport, UEk ∼ 1 m2/s,

we find that in stratified conditions, the constant terms drives a transport of 1-3%

of the Ekman transport, and is smaller than but the same order of magnitude as the

wind-driven transport. In stratified conditions, the constant cross-shelf transport is

slightly larger, ranging from 2-6 % of the Ekman transport at the 7 - 27-m sites.

However, due to the increase in wind-driven transport in stratified conditions, the

constant transport is an order of magnitude smaller than the wind-driven transport

at all water depths when the water is stratified. These mean cross-shelf circulations

not associated with wind or waves are likely tidally rectified flow (Ganju et al., 2011),

similar to the velocity profiles observed by Fewings et al. (2008) in small wind, small

131



wave conditions.

Spatial structure

A recent numerical modeling study of the Martha’s Vineyard region (Ganju et al.,

2011) used three-dimensional realistic bathymetry and nested spatial grids to demon-

strate that that, with 40 m grid resolution, the model can reasonably capture the

depth-averaged mean circulation observed at the SWWIM moorings and the surface

velocities observed by a nearby HF radar sensor. That model, run for unstratified

conditions with realistic tidal and synoptic forcing for September 2009, confirms the

radar observations of a spatially complex mean circulation featuring a large counter-

clockwise gyre south of Martha’s Vineyard that is largely created by tidally rectified

flow. The center of the gyre is located a few kilometers east of the SWWIM array

around the 18-m isobath. The SWWIM observations are used to confirm the model’s

success and the model results may explain the small observed offshore mean flow

not explained by wave undertow. More importantly, Ganju et al.’s (2011) model

demonstrates a possible mechanism for cross-shelf transport that is not captured by

the SWWIM observations. A few kilometers east of the SWWIM array, the model

shows a 1 km wide along-shelf region with depth-average onshore flow of 5 - 10 cm/s

extending from the 20 to 12-m isobath. A 10 cm/s velocity over 17 m water depth

(choosing one of our mooring depths) is a cross-shelf transport of 1.7 m2/s or 1.7UEk

for a typical 0.1 Pa wind stress. While 1.7UEk is 10 times the wind-driven transport

observed at the 17-m mooring in stratified conditions and 20 times the transport dur-

ing mixed conditions, the Martha’s Vineyard inner shelf is close to 30 km wide. If the

time-varying, wind-driven transport is uniform across the shelf, the scaling suggests

both the spatially uniform, time-varying, wind-driven circulation and the time-mean,

spatially varying, tidally rectified flow will make similar contributions to the total

cross-shelf transport.
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4.6 Summary

Cross-shelf transport across the inner shelf is important to connect the the coastline

and surfzone to the midshelf and beyond. Along-shelf wind stress has long been

understood to be the mechanism for cross-shelf transport on the midshelf. However,

along-shelf winds are poor at driving transport across the inner shelf. Recently,

cross-shelf wind stress has been demonstrated to be a more effective mechanism for

cross-shelf transport in the inner shelf, but very few measurements have been made

of this phenomenon. Here, three years of measurements from four mooring sites

across the inner shelf south of Martha’s Vineyard, MA are used to describe the effect

of stratification on wind-driven cross-shelf circulation and transport by along- and

cross-shelf wind stresses. For both along- and cross- shelf wind stresses, this data set

allows us to describe the vertical structure of the cross-shelf circulation, its variation

with onshore or offshore directed surface flow, and its response to stratification.

Along-shelf wind stress drives near zero cross-shelf transport during unstratified

conditions. Stratification dramatically increases shear in cross-shelf circulation at all

water depths and the thickness of the surface mixed layer clearly limits the depth

of the first zero crossing of the velocity. Cross-shelf transport increases in the pres-

ence of stratification and the fraction of Ekman transport increases with increasing

stratification. These increases in shear and transport with stratification also grow

with water depth, indicating along-shelf wind stress has a greater influence on the

cross-shelf circulation over the midshelf rather than over the inner shelf. Circulation

and transport by upwelling and downwelling wind stresses are all increased by strati-

fication but the increase from mixed to stratified conditions is larger in the upwelling

case.

Cross-shelf wind stress drives cross-shelf circulation and transport on the inner

shelf. In unstratified conditions, we measure cross-shelf transport driven by cross-

shelf wind stress to be one third of that predicted by a 1D numerical model. Strat-

ification increases vertical shear in cross-shelf circulation, and the thickness of the
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surface mixed layer appears to limit the depth of the first zero crossing of the veloc-

ity. Despite the lack of consistent vertical structure of velocity relative to the mixed

layer thickness, it is notable that the circulation is not confined to the surface mixed

layer for any water depths. Cross-shelf transport also increases in the presence of

stratification but is not significantly correlated with the strength of the stratification.

These increases in shear and transport with stratification appear to diminish, along

with our confidence in these calculations, at the 27-m site, suggesting that at this

water depth, cross-shelf wind is not as strong an influence on the cross-shelf circula-

tion as it was in shallower water. We find circulation by offshore wind stress to be

more strongly sheared by stratification than circulation by onshore wind stress. The

increase in transport from mixed to stratified conditions is also larger for offshore

than onshore wind stress.

There are, of course, particularities of our field site we have ignored in our various

simplifying assumptions. However, at this site, wind-driven cross-shelf circulation is

large compared to the mean depth-averaged, cross-shelf flow and is a similar size to

the vertically varying component of the mean cross-shelf circulation so wind forcing

will play a substantial role in the cross-shelf circulation near Martha’s Vineyard. Here,

we isolated the local, stratified response to cross- and along-shelf wind forcing. In

stratified conditions, the cross-shelf wind stress drives a larger circulation at 7 and 12

m water depth, while the along-shelf wind stress drives stronger circulation at 17 and

27 m (Figure 4-20). In unstratified conditions, the cross-shelf wind drives stronger

circulation at all four water depths. In addition to their application at this specific

field site, these results further the understanding of the two-dimensional features of

circulation that are common to many inner shelves, and aid in predicting transport

of suspended material across the inner shelf.
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4.A Appendix: Regressions with and without wave

term

In section 4.2.4, Figure 4-5 shows profiles of regression coefficients from three regres-

sions on velocity from mixed conditions at the 17-m site. Here, profiles from the same

three regression methods are presented for all four measurement sites (7, 12, 17, and

27-m depth) for mixed and stratified conditions.

Blue lines use velocity that includes wave undertow and is fit with equation 4.2d,

which includes a wave-forced term. Green lines use velocity that has had estimates

of wave undertow subtracted, fit with equation 4.2a, which does not includes a wave-

forced term. Red lines use velocity that has had estimates of wave undertow sub-

tracted, fit with equation 4.2a, which again includes a wave-forced term.

The first columns of Figures 4-21 to 4-24 show the regression slopes for the cross-

shelf wind term for all three regression methods. The second columns of Figures 4-21

to 4-24 show the regression slopes for the along-shelf wind term for all three regression

methods. The third columns of Figures 4-21 to 4-24 show the regression slope for

the wave undertow term for the two regression methods that include it. The fourth

columns of Figures 4-21 to 4-24 show the constant term of the regression for all three

regression methods. Note that the horizontal axis limits are 100 times smaller for this

final term.
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Figure 4-21: 7-m site: regression coefficients between ADCP velocity and, left to
right, ux∗ , u

y
∗, uw, constant = 1. Regressions using full velocity data with equation 4.2d

(blue), and velocity with predicted wave undertow profile subtracted using equations
4.2d (red) and 4.2a (green)
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Figure 4-22: 12-m site: regression coefficients between ADCP velocity and, left to
right, ux∗ , u

y
∗, uw, constant = 1. Regressions using full velocity data with equation 4.2d

(blue), and velocity with predicted wave undertow profile subtracted using equations
4.2d (red) and 4.2a (green)
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Figure 4-23: 17-m site: regression coefficients between ADCP velocity and, left to
right, ux∗ , u

y
∗, uw, constant = 1. Regressions using full velocity data with equation 4.2d

(blue), and velocity with predicted wave undertow profile subtracted using equations
4.2d (red) and 4.2a (green)
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Figure 4-24: 27-m site: regression coefficients between ADCP velocity and, left to
right, ux∗ , u

y
∗, uw, constant = 1. Regressions using full velocity data with equation 4.2d

(blue), and velocity with predicted wave undertow profile subtracted using equations
4.2d (red) and 4.2a (green)
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Chapter 5

Inner shelf response to cross-shelf

wind stress in an idealized

numerical model

5.1 Introduction

Chapter 4 used field measurements from the inner shelf south of Martha’s Vineyard,

MA to describe the effect of stratification on wind-driven, cross-shelf circulation.

Stratification increases the vertical shear of the circulation and the transport driven

by cross-shelf wind stresses. This effect of stratification is evident in the response to

offshore winds but not to onshore winds (Figure 4-16). Our observations of circulation

throughout a stratified water column and the asymmetric response to onshore and

offshore winds are contrary to results from a previous numerical modeling study

(Tilburg, 2003) that found circulation by cross-shelf wind stress was symmetric and

confined to the surface mixed layer.

To resolve the discrepancy between our observations and previous modeling work,

here we use a numerical model of an idealized, 2D, cross-shelf transect to describe the

effects of stratification, wind stress magnitude, surface heat flux, cross-shelf density

gradient, and wind direction on the inner shelf response to the cross-shelf component
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of the wind stress. These factors are all present in the field but difficult to isolate

in the observations. A surface heat flux could add stratification by heating the near

surface water, making it less dense than the water below, if this process can occur

faster than wind mixing can distribute heat through the water column. A cross-shelf

density gradient could add stratification by slumping during thermal wind spin up,

or by advection by a vertically sheared wind-driven cross-shelf circulation. Our field

observations of an asymmetric response to onshore and offshore wind stresses, the

predicted asymmetry between up- and downwelling circulations in a stratified 2D

model (Austin and Lentz, 2002), and the nonlinear nature of turbulent processes all

motivated the investigation of the effect of an along-shelf wind component on the

stratified response to cross-shelf wind forcing.

In this chapter, section 5.2 describes the ROMS model setup; section 5.3 presents

experiments varying wind stress magnitude and initial stratification using the same

set of forcing conditions as Tilburg (2003), while focusing on the circulation on the

inner rather than midshelf; section 5.4 isolates the effect of the cross-shelf density

gradient; section 5.5 adds a surface heat flux; section 5.6 uses combined cross- and

along-shelf wind stresses; section 5.7 concludes with a summary of the results.

5.2 Numerical Model

The Regional Ocean Modeling System (ROMS) is used to simulate inner shelf dy-

namics for all numerical experiments described in this chapter. ROMS has been used

extensively in previous idealized and realistic numerical experiments. Extensive infor-

mation about the model is available on the ROMS ( http://www.myroms.org/ ) and

WikiROMS ( https://www.myroms.org/wiki/ ) websites. This section describes the

numerical model, physical parameters selected for the “base case”, and the conditions

varied over subsequent suites of model runs.
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5.2.1 ROMS model

ROMS is a free-surface, terrain following, primitive equations ocean model with a

curvilinear orthogonal horizontal grid and a stretched terrain-following vertical grid

based on Shchepetkin and McWilliams (2005). The equations of motion for conser-

vation of momentum and scalar tracers are given by

∂u

∂t
+ ~u · ∇u− fv = − 1

ρo

∂P

∂x
− ∂

∂z

(
u′w′ − ν ∂u

∂z

)
(5.1a)

∂v

∂t
+ ~u · ∇v + fu = − 1

ρo

∂P

∂y
− ∂

∂z

(
v′w′ − ν ∂v

∂z

)
(5.1b)

∂C

∂t
+ ~v · ∇C = − ∂

∂z

(
C ′w′ − νθ

∂C

∂z

)
(5.1c)

1

ρo

∂P

∂z
= −ρg

ρo
(5.1d)

∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0 (5.1e)

where ν and νθ are molecular viscosity and diffusivity. The Coriolis parameter is a

constant f = f0 = 10−4 (s−1) for all runs unless otherwise noted. Density varies

with a linear equation of state, ρ = ρ(T, S, P ). Time steps are 10 seconds for the

barotropic part of the equations and 50 or 100 seconds for the baroclinic terms. All

experiments were run for 5 model days with variables saved hourly.

Grid

The model domain is a periodic channel with sloping boundaries to represent two

along-shelf uniform coastal regions that span from just outside the surfzone to the

flatter mid continental shelf. The cross-shelf section has a shallow (2 m) coastal

wall at each boundary. Depth, h, increases away from each wall at a constant slope

until the bathymetry reaches its maximum depth (65 m for the base case) at 63 km

from the wall. The two sloping boundaries are separated by a 45 km wide uniform

depth region in the center of the domain for a total domain width of 171 km. The

stretched vertical grid has 32 levels with enhanced resolution near the surface and
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bottom (ROMS options: Vtransform = 2, Vstretching = 4, θS = θB = 3, Tcline = 25

m). At the coastal wall, the smallest vertical bin is 0.059 m and the largest is 0.065

m. For all runs with base case bottom slope (10−3), as described in section 5.2.2, at

the center of the domain the smallest vertical bin is 0.78 m and the largest is 2.81 m.

The vertical grid spacing varies slightly with the free surface elevation. The periodic

along-shelf direction is 8 km long and the horizontal resolution is 1 km × 1 km for

the whole domain.

The model is run with the cross-shelf coordinate positive and increasing to the

right as shown on the left side of Figure 5-1. However, with the spatially uniform wind

stresses that are applied to this model domain, the opposite edge of the channel expe-

riences opposite wind stresses relative to the coast. All data analysis presented in this

chapter will use an“East Coast”, right-handed, coordinate system. The cross-shelf

coordinate, x, is zero at the coast and increases offshore. The along-shelf coordinate,

y, is positive in the direction of an upwelling-favorable wind stress. We use the single

model domain, shown on the left of Figure 5-1, but present results as the two coasts

modeled with opposite wind forcing, shown on the right of the same figure.

   

Figure 5-1: Left: model domain cross-section with wind forcing. Right: model output,
as interpreted in data analysis
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Mixing

In ROMS, the system of governing equation is closed by parameterizing Reynolds

stresses and turbulent fluxes as

u′w′ = −Km
∂u

∂z
; v′w′ = −Km

∂v

∂z
; C ′w′ = −KC

∂C

∂z
(5.2)

with boundary conditions at the surface (z = ζ(x, y, t))

Km
∂u

∂z
=

1

ρ
τ sx(x, y, t); Km

∂v

∂z
=

1

ρ
τ sy(x, y, t); KC

∂C

∂z
=

QC

ρocP
; w =

∂ζ

∂t

(5.3a)

and bottom (z = −h(x, y))

Km
∂u

∂z
=

1

ρ
τ bx(x, y, t); Km

∂v

∂z
=

1

ρ
τ by(x, y, t); KC

∂C

∂z
= 0; −w + ~v · ∇h = 0

(5.3b)

where τ sx, τ sy and τ bx, τ by are the cross- and along-shelf components of the surface and

bottom stresses. Eddy viscosity and diffusivity are estimated by the Mellor-Yamada

2.5 (1982) turbulence closure scheme with the Kantha-Clayson (1994) stability func-

tion. The background value of vertical viscosity, Km, is 10−5 m2/s, and the back-

ground value of vertical diffusivity for temperature, KC , is 10−6 m2/s. A logarithmic

bottom drag coefficient is applied at the center height of each bottom grid cell, which

varies in height with our stretched grid. The resulting stress is quadratic with local

velocity scaled by the log of the distance from the apparent bottom roughness, z0 =

1 cm
~τ b

ρ
= ~u|~u| κ2(

ln z
z0

)2 (5.4)
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5.2.2 Base Case

We first describe the parameters in a base case model setup. All other runs start

with these parameters, initial conditions, and wind forcing unless otherwise specified.

The base case run has a bottom slope of α = 10−3, for a maximum depth of 65 m.

The model is initialized with a constant vertical temperature gradient of 0.25 ◦C/m,

which creates horizontal isopycnals and an initial stratification of N2 = 4.25 × 10−4

s−2 (Figure 5-2). In the base case, wind stress is in the cross-shelf direction only, with

no along-shelf component. The wind stress magnitude begins at zero and increases

over the first two days as τs(t) = −0.1 sin(πt/4), where t is time in days. The wind

stress is steady over the final three days of model time with τx = -0.1 Pa, τ y = 0.

The negative sign of the cross-shelf wind means the stress is onshore on the left side

of our domain as shown in Figure 5-2, and offshore on the right.
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Figure 5-2: Cross-shelf section of initial density anomaly, ρ− 1000 (kg/m3), for base
case
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5.2.3 Model runs

Tables 5.1 and 5.2 summarize all model implementations performed for the experi-

ments in this chapter. Runs used for model testing but not specifically addressed in

this chapter are also included here for completeness. Table 5.1 includes runs for all

experiments that use purely cross-shelf wind stresses, which are described in sections

5.3, 5.4, and 5.5. Table 5.2 includes runs for the experiment using combined cross-

and along-shelf wind stresses, which is described in section 5.6. In most analyses in

this chapter, the base case run (top of table 5.1) is included and discussed as part of

the suite of model runs under investigation. In figures in this chapter, the base case

is indicated (◦), varying wind stress magnitude (4), initial stratification (�), water

depth (∗) or (·), bottom slope (�), initial cross-shelf density gradient (∗), and surface

heat flux (+).

5.3 Scaling inner shelf circulation by basic forcing

mechanisms: varying N 2
0 and τx

Here we explore circulation and transport fraction on the inner shelf, much like

Tilburg (2003) did for the midshelf, with added focus on the differences between

onshore and offshore wind stress responses. First, we use a scaling analysis to de-

termine the expected response of the circulation. Assuming uniform density and a

steady, linear balance, the cross-shelf momentum equation is

fv = g
∂η

∂x
− 1

ρo

∂τx

∂z
(5.5)

The surface wind stress is the only forcing for this system and so provides the velocity

scale, the shear velocity, u2
∗ ≡ τ s/ρ. The observations from Chapter 4 have demon-

strated that the proportionality coefficient between the driven velocity, u, and shear

velocity, u∗ is order one since almost all regression slope coefficients between u and

ux∗ or uy∗ calculated in Chapter 4 are between zero and five.
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Table 5.1: Model runs with cross-shelf wind stress only

Experiment |τs| Initial N2 Wind dir.a α Q ∂ρ/∂x f
(Pa) (s−2) (◦) 10−3 ( W

m2 ) 10−5(kg/m4) 10−4(s−1)

Nearb Farc Near Far

Base Case 0.1 4.25×10−4 180 0 1.0 0 0 0 1.0

0.01

0 180 0 1.0 0 0 0 1.0

0.013
0.023

Unstratified 0.036
Vary τx 0.05

0.1
0.2
0.36

Vary τx

0.01

4.25×10−4 180 0 1.0 0 0 0 1.0
0.05
0.2
0.36

Vary N2 0.1

4.25×10−6

180 0 1.0 0 0 0 1.0
2.13×10−5

8.50×10−5

8.50×10−4

1.06×10−3

Vary α 0.1 4.25×10−4 180 0
0.5

0 0 0 1.0
2.0

Vary ∂ρ/∂x

0.1 1.70×10−4 180 0 1.0 0

1.75 -1.75

1.0

3.49 -3.49
8.73 -8.73

-1.75 1.75
-3.49 3.49
-8.73 8.73

0 1.70×10−4 180 0 1.0 0
1.75 -1.75

1.03.49 -3.49
8.73 -8.73

Vary Q

0.1 4.25×10−4 180 0 1.0

-10

0 0 1.0

10
50

100
150
200

0.05 4.25×10−4 180 0 1.0
50

0 0 1.0
150

Vary f 0.1 4.25×10−4 90 270 1.0 0 0 0
0.5
1.3

a Wind direction is direction of surface wind stress. 0◦ is offshore, 90◦ is upwelling.
b Variable used in model coordinates, and for data analysis on near coast of model domain.
c Variable experienced by the far coast of model domain in local coordinate. See Fig. 5-1.
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Table 5.2: Model runs for combined cross- and along-shelf wind forcing

Experiment |τs| Initial N2 Wind dir.a α Q ∂ρ/∂x f
(Pa) (s−2) (◦) 10−3 ( W

m2 ) (kg/m4) 10−4(s−1)

Nearb Farc Near Far

Vary τy

0.01

4.25×10−4 90 270 1.0 0 0 0 1.0
0.05
0.2
0.36

0.1 4.25×10−4

165 345

1.0 0 0 0 1.0

150 330
135 315
120 300

Vary θ
105 285

(wind dir.)
90 270
75 255
60 240
45 225
30 210
15 195

0.1 sin(15◦)

4.25×10−4 180 0 1.0 0 0 0 1.0
τx compo-
nent

0.1 sin(30◦)

of runs 0.1 sin(45◦)
varying θ 0.1 sin(60◦)

0.1 sin(75◦)

0.1 cos(15◦)

4.25×10−4 90 270 1.0 0 0 0 1.0
τy compo-
nent

0.1 cos(30◦)

of runs 0.1 cos(45◦)
varying θ 0.1 cos(60◦)

0.1 cos(75◦)
a Wind direction is direction of surface wind stress. 0◦ is offshore, 90◦ is upwelling.
b Variable used in model coordinates, and for data analysis on near coast of model domain.
c Variable experienced by the far coast of model domain in local coordinates. See Fig. 5-1.
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In the deep water limit, away from coastal boundaries, no pressure gradient can

develop and the momentum equation reduces to

fv = − 1

ρo

∂τ

∂z
(5.6)

Taking the velocities to scale like u∗ and choosing z+ as the unknown vertical length

scale, then the term of equation 5.6 scale as

fu∗ =
u2
∗
z+

(5.7)

and solving for the vertical length scale, we find

z+ =
u∗
f
∼ δEk (5.8)

where δEk = κu∗/f is the deep water boundary layer thickness, which includes the

empirically derived Von Kármán constant, κ = 0.41. Boundary layer transport,

U scales like the velocity scale times the vertical length scale, u∗z
+ = u2

∗/f . By

integrating equation 5.6 from the surface to where the stress goes to zero, Ekman

(1905) showed that for transport to the right of the wind stress, the proportionality

constant is one and U = u2
∗/f . For downwind transport, which would be found by

integrating the along-shelf momentum equation to the first zero-crossing the of cross-

shelf velocity profile, the proportionality constant depends on the vertical mixing.

In the shallow water limit, the water depth, h is much less than the turbulent

boundary layer thickness so the total water depth is the relevant vertical length scale.

Rescaling equation 5.5 using z+ = h

fu∗ = g
∂η

∂x
− u2

∗
h

(5.9a)
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and dividing by u2
∗/h

fh

u∗
=
gh∂η

∂x

u2
∗
− 1 (5.9b)

Where h/δEk = fh/κu∗ << 1, the Coriolis term is not large enough to balance the

order one stress term so it can be ignored. The resulting momentum balance is

0 = g
∂η

∂x
− 1

ρo

∂τ

∂z
(5.10)

In this shallow water limit, transport scales as the velocity scale times the vertical

length scale, which now becomes U ∼ u∗z
+ = u∗h.

Between the deep and shallow water limits Ekman (1905) described the solution

as a superposition of the two limits. The vertical length scale will be some function

of both h and δEk and the transition from deep to shallow defined by the ratio of the

two vertical scales h/δEk. For typical inner shelf values of f = 10−4 s−1, h = 10 m,

and u∗ = 0.01 m/s, h/δEk = 0.25 and, likewise, the Coriolis term on the left side of

equation 5.9b is order 10−1. We proceed with our analysis by taking the inner shelf

region to behave as the shallow water limit predicts, while recognizing that rotation

plays a small but perhaps non-negligible role in the dynamics.

5.3.1 Unstratified cases

In unstratified conditions, when cross-shelf wind stress, τxs /ρ, is balanced by a cross-

shelf pressure gradient, we expect u/u∗ to scale like z/h and U ∼ u∗h for transport

above the first zero crossing of the velocity profile. The nondimensionalized cross-

shelf velocity profiles are expected to collapse together when scaled by shear velocity

and water depth. Figure 5-3(a) shows profiles from 10 m water depth, always within

the inner shelf (h < δ = κu∗/f), for a range of cross-shelf wind stresses from -0.01

to -0.36 Pa, yielding shear velocity values u∗ = 0.31 to 1.9 cm/s. The profile that is

least sheared where all the profiles intersect is from the smallest wind stress and the
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most sheared profile is from the largest wind stress.
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Figure 5-3: Nondimensional cross-shelf velocity profiles for unstratified runs. In 5-
3(a), all profiles are from 10 m water depth and wind stress magnitude varies from
-0.01 to -0.36 Pa. In 5-3(b), water depth at every 5 m from 5 to 35 m, all with τx =
-0.1 Pa.

In Figure 5-3(b), profiles from 5 to 35 m water depth from a single model run

with τ = -0.1 Pa show a similar spread. The most sheared profile at the intersection

point is from the shallowest site. A higher wind stress thickens the boundary layer,

moving the transition to mid-shelf dynamics farther offshore.

In Figure 5-3, an onshore wind stress is used, but in unstratified experiments, the

results for an offshore wind stress are nearly identical. In both cases, the spread in

the profiles demonstrates a deviation from the u/u∗, z/h scaling but can be explained

by an increase in h/δ and gradual transition from the inner to mid-shelf following

a transition from a pressure gradient - wind stress balance to a three term balance

including the Coriolis acceleration.

The transition from inner to midshelf dynamics can be seen more clearly in the

cross-shelf transport. Figure 5-4 shows the cross-shelf transport, U , calculated by

integrating the cross-shelf velocity profiles from the surface down to the first zero

crossing. Triangles indicate transport calculated at one location, 10 m water depth,

for each of the unstratified runs. These runs had wind stress magnitudes of 0.01,

0.013, 0.023, 0.036, 0.05, 0.1, 0.2 and 0.36 Pa so the u∗h prediction varies because
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u∗ varies. The 10 m water depth is less than the deep water boundary layer scale

δEk = κu∗/f for all but the 0.01 Pa wind stress and transport increases linearly with

u∗h at a slope of approximately 1.3, indicated by the thin black line. The asterisks

indicate transport calculated from two of the unstratified model runs with wind stress

of 0.036 and 0.1 Pa, at every 1 m increment in water depth from 4 to 65 m, so for

the asterisks, h is varied in the u∗h scaling. For increasing water depth, the transport

also follows the ∼ 1.3u∗h scale until the deep water transport value is approached,

at which point h continues to increase while U remains constant. At midshelf, cross-

shelf transport reaches a constant value that is proportional to the wind stress and

independent of the water depth. It should be noted that the down-wind transport in

deep water is not independent of the vertical mixing as the cross-wind transport is.

We find deep water transport values of 0.35-0.38×(τ/ρf) when κu∗/f is less than the

water depth, 65 m, at the center of our domain.
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Figure 5-4: Transport, U , integrated from the surface to the first zero crossing of the
cross-shelf velocity profile compared to the transport scale u∗h, surface shear velocity
times water depth. Triangles indicate a depth of 10 m and τx varying from 0.01 to
0.36 Pa. Asterisks indicate water depth varied from 4 to 65 m while τx was constant
at 0.036 and 0.1 Pa for lower and higher lines. Solid line has slope of 1.3.
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5.3.2 Initially stratified runs

When wind blows across an initially stratified inner shelf, the stratification is mixed

away, down to the bottom for all water depths less than the thickness of the surface

boundary layer, creating a circulation that is much like the unstratified case. Figure

5-5 shows the inner shelf response to the base case onshore (top row) and offshore (bot-

tom row) wind stresses. The cross-shelf velocities (5-5(b)) show both wind directions

drive near-surface circulation in the direction of the wind stress with a return flow

in the lower potion of the water column. Vertical mixing of the initial stratification

creates a cross-shelf density gradient due to the bathymetry intersecting increasingly

dense isopycnals with depth. Figure 5-5(a) shows the density field after five days

of 0.1 Pa wind stress. For these, and all cases with initially horizontal isopycnals

and stable stratification, the resulting cross-shelf density gradient is positive regard-

less of wind direction. The interaction of the wind-driven cross-shelf circulation with

this cross-shelf density gradient is the primary source of the difference between the

response to onshore and offshore wind stresses.

Offshore wind stress blows from the least dense region towards the denser, deeper

region of the inner shelf and creates a very small local stratification as a result of

buoyancy advection (bottom row, Figure 5-6). The stratification reduces mixing and

in turn allows greater vertical shear and greater cross-shelf transport. The increased

cross-shelf transport across the cross-shelf density gradient feeds back positively on

the stratification. The transport does not run away, unbounded, with increasing

stratification because the process is still limited by shear instabilities; the resulting

N2 = O(10−5) s−2 and the Richardson number is O(10−1). Both values peak where

there is near zero shear in the velocity at the height of the peak onshore return flow.

Profiles of shear, stratification, Richardson number and eddy viscosity at 10 m water

depth under an offshore wind stress on an initially stratified shelf can be see in the

red lines of Figure 5-7. The largest Richardson number in this example is about 0.4

and limits the eddy viscosity to a constant 10−4 m2/s in the bottom few meters of

the water column while eddy viscosity increases approximately linearly away from
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Figure 5-5: Inner shelf fields of density color and contours (a), cross-shelf velocity
color and streamfunction contours (b), along-shelf velocity color and contours (c)
resulting from onshore (top) and offshore (bottom) wind stress, indicated by arrow
direction. Contour intervals are 0.1 kg/m3, 0.04, 0.01 m/s
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Figure 5-6: Density field resulting from onshore (top) and offshore (bottom) wind
stresses on an initially stratified shelf. Arrows indicate circulation pattern.
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the bottom boundary in the neutral case. The positive stratification throughout the

water column causes Richardson number of 0.05 - 0.01 throughout most of the water

column, causing a decreased eddy viscosity relative to the neutral density case (black

lines). The resulting slight increase in shear throughout the water column allows a

higher cross-shelf transport, which will be quantified in the next several sections of

this Chapter.
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Figure 5-7: Shear ∂u/∂z, stratification N2, Richardson number Ri = N2/(∂u/∂z)2,
and eddy viscosity Km, resulting from onshore (blue) and offshore (red) wind stresses
on an initially stratified shelf and onshore wind stress on a constant density shelf
(black). Shear for onshore winds are shown as −∂u/∂z for easier visual comparison
to offshore wind

Onshore wind stress blows against the cross-shelf density gradient and advects

denser water over lighter water (top row, Figure 5-6), creating a small negative strati-

fication, which allows greater mixing and so reduces shear and transport. The reduced

transport decreases the buoyancy advection that creates the negative stratification

and the increased mixing also destroys the negative stratification. Both these pro-

cesses bring the density profile closer to neutral. This negative feedback causes the
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buoyancy advection by onshore winds to have a smaller effect on transport than the

opposite direction buoyancy advection by offshore winds. On the inner shelf, the

resulting N2 = −O(10−6) s−2, and the Richardson number is negative. Profiles of

shear, stratification, Richardson number and eddy viscosity at 10 m water depth un-

der an onshore wind stress on an initially stratified shelf can be see in the blue lines

of Figure 5-7. The negative stratification has the largest magnitude near the sur-

face, but the profile is nearly linear, with no mid water column maximum as for the

positive stratification in offshore wind stress case. The negative Richardson number

has the largest amplitude at the height of zero shear of the velocity profile, but it is

the negative value throughout the water column that causes a higher eddy viscosity

over the neutral case. The increased mixing forces lower shear throughout the lower

two thirds of the water column, caused reduced transport compared to the neutral

density or stratified, offshore wind stress cases.

Offshore of the inner shelf, the surface boundary layer depth, δ, is limited by the

stratification below it. For cases with non-zero initial stratification, we find the bound-

ary layer thickness scaling of δ = 2.3(τ/ρ)
1
2/(f(1 + N2/f 2)

1
4 ), suggested by Tilburg

(2003) fits our data well. The reduced boundary layer thickness (as compared to the

unstratified case) limits the cross-shelf extent to which inner shelf dynamics domi-

nate and also limits the deep water value that the cross-shelf transport approaches.

In water depth greater than δ, near full along-shelf Ekman transport to the right of

the wind stress is realized regardless of stratification, but the transport parallel to

the wind is sensitive to the vertical mixing, which is affected by both the wind stress

strength and initial stratification.

As a result of the reduced or enhanced mixing allowed by the small final stratifi-

cation, initial stratification increases U/(u∗h) for offshore wind stress and decreases

U/(u∗h) for onshore wind stress compared to the uniform density cases. The effect

of varying initial stratification is addressed in section 5.3.2. The cross-shelf velocity

profiles driven by offshore wind stress are more sheared than those driven by onshore

wind stress. This difference in shape is consistent with having less mixing when the
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water column is stably stratified and more mixing when it is unstably stratified. On

an initially stratified shelf, we find the u∗ velocity scale and the u∗h transport scale

are robust to first order, but the relationship varies slightly with initial stratification

and u∗.

Varying cross-shelf wind stress magnitude

For an inner shelf with initial stratification, varying the wind stress magnitude affects

the cross-shelf transport in the same way as for the unstratified cases. Figure 5-8

shows transport above the first zero crossing of velocity in 10 m water depth for four

different wind stress magnitudes (4, or ◦ for base case), all on a shelf initialized with

N2 = 4.25 × 10−4 s−2. Black triangles indicate the transport from the unstratified

runs shown in Figure 5-4. Offshore wind stress (red) generates a higher transport than

onshore (blue), but the trend of U increasing with u∗ at a slope of approximately 1.3

(thin black line) appears the same for both wind directions. Transport from the base

case, τx = 0.1 Pa, run for all locations from 5 to 21 m water depth are indicated

by (∗). Varying h instead of u∗ also changes transport primarily along the U ∼ u∗h

relation. Onshore wind stress generates transport increasingly below 1.3u∗h as h

increases towards δ and offshore wind stress generates transport increasingly above

1.3u∗h as h increases. The bumps up in the blue line of asterisks and down in the

red line are where the inner shelf ends and transport by both wind stress directions

approach the constant deep water value.

The variation around the U ∼ u∗h scaling is sensitive to position within the inner

shelf. The red (offshore) and blue (onshore) asterisks in Figure 5-8 show transport

fraction U/u∗h increases across the inner shelf for offshore wind stress and decreases

across the shelf for onshore wind stress. Increasing τx increases the deep water bound-

ary layer thickness and so increases the width of the inner shelf at a rate proportional

to 1/α as the contact zone between the boundary layer and bathymetry widens. The

width of the region of mixing-induced ∂ρ/∂x and enhanced (offshore wind) or reduced

(onshore wind) transport fraction scales with the contact zone width. The cross-shelf
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Figure 5-8: Cross-shelf transport, U , compared to expected inner shelf scaling, u∗h, at
h = 10 m for initially stratified runs with onshore (blue) and offshore (red) cross-shelf
wind stresses of 0.05, 0.1, 0.2, and 0.36 Pa (4, with ◦ for base case run). Transport
from τx = 0.1 Pa for h = 5 - 21 m (∗). Unstratified data (black) same as in Fig. 5-4.
Solid line indicates slope of 1.3.

density gradient (Figure 5-9(a)) and transport fraction (Figure 5-9(b)) are shown as a

function of inner shelf position, h/δ, for onshore and offshore wind stresses of varying

magnitudes. The density gradients fall to zero and the transport fractions approach

a 1/h slope where the boundary layer has separated from the bottom and the depth

continues to increase while the surface density and transport are constant.

For onshore wind stress (top row of Figure 5-9), the cross-shelf density gradient is

constant across the inner shelf and the gradient is well predicted by depth-averaging

the initial stratification over sloping bathymetry, ∂ρ̄/∂x = αN2
0ρ0/2g. The density

gradient and transport magnitude transition from inner shelf to midshelf values at or

slightly deeper than h = δ, using δ = 2.3(τ/ρ)
1
2/(f(1 +N2/f 2)

1
4 ) (Tilburg, 2003).

For offshore wind stress (bottom row of Figure 5-9), upwelled water makes the

outer edge of the inner shelf denser than for onshore wind (as can be seen in 5-5(a)),
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creating a higher cross-shelf density gradient very near the coast. The coastal value

is constant over varying wind stresses, but the value is not uniform across the shelf.

The density gradient decreases away from the coast and abruptly drops to zero at

the location of the upwelling, which is consistently onshore of the location h = δ.

The relationship between cross-shelf density gradient and transport is shown later in

Figure 5-15 in Section 5.4.2 where we elaborate on the effect of a cross-shelf density

gradient.
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Figure 5-9: Cross-shelf density gradient (a) and scaled transport (b) as a function of
fraction boundary layer depth, h/δ, generated by onshore (top) and offshore (bottom)
wind stresses of 0.01, 0.05, 0.1, 0.2, and 0.36 Pa (blue, green, red, teal, and purple
lines) on a shelf initially stratified with N2 = 4.25× 10−4 s−2.

Varying initial stratification

The strength of the initial stratification affects the inner shelf in two ways: it limits

the deep water boundary layer thickness and increases the cross-shelf density gradient

generated by vertical mixing over sloping bathymetry. A reduced boundary layer

thickness reduces the inner shelf width and decreases transport fraction U/u∗h as it
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moves a given depth, h, towards the deeper side of the 0 < h < δ range, as described in

section 5.3.1. The density gradients fall to zero and the transport fractions approach

a 1/h slope where the surface boundary layer has separated from the bottom.
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Figure 5-10: Cross-shelf density gradient (a) and scaled transport (b) as a function of
fraction boundary layer depth, h/δ, generated by onshore (top) and offshore (bottom)
0.1 Pa wind stress over initial stratification of N2 = (0.0425, 0.2125, 0.85, 4.25, 8.5,
and 10.625)×10−4 s−2 (blue, green, red, teal, purple, and yellow lines).

An increased cross-shelf density gradient is expected to increase buoyancy ad-

vection for a given strength of circulation. For an offshore wind stress, the increased

buoyancy advection will increase stratification and increase transport fraction by rais-

ing the shear needed to cause instability. For an onshore wind stress, the increased

buoyancy advection will decrease stratification and decrease the transport fraction

by lowering the shear needed to cause instability. Figure 5-10 shows the cross-shelf

density gradient and transport fraction for onshore and offshore wind stresses over

inner shelves with six different initial stratifications.

For onshore wind stress (top row of Fig. 5-10), higher initial stratification increases

the cross-shelf density gradient uniformly across the width of the inner shelf. The
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cross-shelf density gradient is predicted by ∂ρ̄/∂x = αN2
0ρ0/2g, as can be seen on

the right side of Figure 5-11. The higher cross-shelf density gradient generated by

higher initial stratification allows a larger (more negative) unstable stratification to

be produced by the wind-driven advection. The left side of Figure 5-11 shows the final

stratification at 10 m water depth over the range of initial stratifications. Note that

the scale of the vertical axis is 100 times smaller than the scale of the horizontal axis.

For onshore wind stress, Figure 5-10(b) shows similar reductions in transport fraction

across the width of the inner shelf for varying initial stratification. The increase in

density gradient and reduction of shelf width both act to reduce the transport fraction

at a particular location. The blue symbols in Figure 5-12 demonstrate a consistent

trend of decreased transport for increased initial stratification at 10 m water depth.

For offshore wind stress, the cross-shelf density gradient (bottom of Fig. 5-10(a))

increases with increasing initial stratification and the maximum ∂ρ/∂x value, located

just a few kilometers from shore, is higher than that predicted purely by vertical

mixing of initial stratification. At a given location on the inner shelf, the cross-shelf

density gradient increases linearly with initial stratification (red symbols in Figure 5-

11) but the slope of this line will depend heavily on the particular location within the

inner shelf. A higher cross-shelf density gradient creates a higher local stratification

(Figure 5-11) by a given amount of wind-driven advection. The higher stratification

allows a greater shear and transport to be maintained before the positive feedback

process is limited by mixing. The transport fraction (bottom of Fig. 5-10(b)) increases

with higher initial stratification, indicating that the increase in transport fraction

with initial stratification at 10 m water depth (red symbols in Figure 5-12) is due to

advection of the elevated cross-shelf density gradient rather than the decrease that

might be caused by a higher h/δ ratio.

5.3.3 Section summary

To first order u/u∗ scales with z/h and U scales with u∗h for both stratified and

unstratified cases. These relationships vary with N2 and δ/h. Transport varied by

162



0 0.5 1 1.5

x 10
−3

−1

−0.5

0

0.5

1

1.5

2

2.5

3

3.5
x 10

−5

F
in

al
 N

2  (
s−

2 )

Initial N2 (s−2)

 

 

0 0.5 1 1.5

x 10
−3

0

1

2

3

4

5
x 10

−5

F
in

al
 ∂

ρ/
∂ 

x 
(k

g/
m

4 )

Initial N2 (s−2)

onshore
offshore

Figure 5-11: Final stratification (left) and cross-shelf density gradient (right) as a
function of initial stratification at 10 m water depth. Black line indicates ∂ρ̄/∂x =
αN2
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Figure 5-12: Transport fraction as a function of initial stratification at 10 m water
depth for onshore (blue) and offshore (red) wind stresses

30% and 50% respectively for parameter ranges of these experiments, which are typ-

ical of the inner shelf south of Martha’s Vineyard, MA. In these initial experiments,

transport varied much more over a typical range of wind stresses than initial strati-

fications. However, the final stratification that could increase or decrease transport

163



by 30% was smaller than any we could measure in the SWWIM field program, in-

dicating the importance of understanding the mechanisms that create and maintain

stratification on the inner shelf.

5.4 The cross-shelf density gradient

In the previous experiment varying initial shelf stratification, the resulting cross-shelf

density gradient was a critical component in setting the balance between circulation

and mixing. Now we impose a range of both positive and negative cross-shelf density

gradients while keeping the initial stratification constant. This experiment aims to

simulate the response to cross-shelf wind forcing in the presence of a cross-shelf density

gradient. South of Martha’s Vineyard, MA and on many shelves, there is a cross-

shelf density gradient due to a salinity gradient in addition to the density gradient

resulting form vertical mixing of initial stratification. We ask how the cross-shelf

transport changes as a results of the imposed horizontal density gradient.

This kind of cross-shelf gradient may remain after wind has mixed and perhaps

momentarily lulled because our wind stress here (as for all our experiments) starts

at zero and increases over the first two days. The model is initialized with no initial

velocity, but with a surface tilt to balance the cross-shelf pressure gradient that results

from the initial cross-shelf density gradient. The surface elevation is chosen to make

the level of no motion at half the water depth so ū ≈ 0. A thermal wind shear

is spun up in the first inertial period of the model run. Except for one run with

horizontal isopycnals, the initial conditions used here all have constant isopycnal

slopes greater than or equal to bottom slope so the cross-shelf gradient of the depth-

averaged density is the same sign as the imposed cross-shelf density gradient. If

isopycnals were initialized with a slope less than one half the bottom slope, vertical

mixing would create a positive cross-shelf density gradient regardless of the sign of

the initial cross-shelf density gradient.

Isopycnals were initialized as uniformly diagonal with cross-shore and vertical
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temperature gradients that were representative of summertime near MVCO. Middle

Atlantic Bight climatologies of temperature and salinity (Lentz, 2008) and density

(Zhang et al., 2011) indicate that uniformly sloped isopycnals are representative of

the seasonal mean near Martha’s Vineyard. All runs in this section were initialized

with N2 = 1.70 × 10−4 s−2. Cross-shelf density gradients are (±1.75, ±3.49, and

±8.73)×10−5 kg/m4. Figure 5-13 shows the initial density fields at both coasts for

one value of the cross-shelf density gradient.
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Figure 5-13: Cross-shelf sections of initial density field for an initial cross-shelf density
gradient of±3.5×10−5 kg/m4 and initial vertical density gradient of 1.75×10−2 kg/m4

(N2 = 1.7× 10−4 s−2). Runs with the same stratification but higher, lower, and zero
cross-shelf density gradients (not show) were also part of this experiment.

5.4.1 Predicting the cross-shelf density gradient

Complete vertical mixing of spatially uniform vertical and horizontal density gradients

over a sloping bottom will generate a cross shelf density gradient of

(
∂ρ

∂x

)
final

= −α
2

(
∂ρ

∂z

)
0

+

(
∂ρ

∂x

)
0

(5.11)

Over the inner shelf, wind mixing affects the entire water column and the final cross-

shelf density gradients closely match those predicted from initial conditions. Figure

5-14 shows the final cross-shelf density gradients calculated using the surface density
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values at 10 m water depth (8 km from shore) compared to the gradients predicted

by equation 5.11. The figure includes model runs from wind stress magnitude, strati-

fication, and cross-shelf density gradient varying experiments for all runs where 10 m

water depth is within the inner shelf based on transitions shown in Figures 5-9 and

5-10.

Overall, the prediction holds well over the wide range of cross-shelf density gra-

dients shown in Figure 5-14(a). Density gradients at the end of the 5 day model

runs match the prediction made for purely vertical mixing regardless of whether the

density gradient was initially imposed, or created by mixing of initial stratification.

Figure 5-14(b) shows the boxed subset region of 5-14(a) in greater detail. For the

data that have variation in wind stress magnitude (4) and 5 to 12 m water depth

(·) but the same initial stratification, the predicted cross-shelf density gradient is the

same, while the modeled gradients vary slightly around that prediction because the

prediction for ∂ρ/∂x in equation 5.11 does not depend on wind magnitude or water

depth. The offshore (red) data in this subset show a greater spread than the onshore

(blue) data because offshore wind stress creates variation in the cross-shelf density

gradient across the inner shelf that is not a function of purely vertical mixing, while

the onshore wind stress creates a nearly constant density gradient across the shelf, as

demonstrated in Figure 5-9(a).

It should be noted that the imposed initial cross-shelf density gradients do slump

slightly as the thermal wind balance spins up. The adjustment slightly increases the

stratification throughout the domain and this stratification does limit the deep water

boundary layer thickness. However, these changes to stratification and boundary

layer thickness are much smaller than the range of stratifications and boundary layer

thicknesses generated by the set of runs with varying initial stratification, while at the

same time spanning a much larger range of cross-shelf density gradients than those

created by the mixing of the initially stratified runs.
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Figure 5-14: (a) ∂ρ/∂x from the model using ρ from the surface at 10 m water depth
(8 km from shore) compared to ∂ρ/∂x predicted by purely vertical mixing of initial
isopycnals. Base case run (◦) and runs varying N2

0 (♦), τxs (4), α (�), depth (·),
and initial cross shelf density gradient (∗) with onshore (blue), offshore (red), or zero
(black) wind stress. (b) Expanded axes for area indicated by box in (a)

5.4.2 The effect of a cross-shelf density gradient on transport

We expect a cross-shelf density gradient to modify the wind-driven transport by

changing the values of shear and stratification that close our governing equations.

When wind-driven circulation advects lighter over denser water, it creates a small

positive stratification, which reduces mixing that in turn allows greater vertical shear

in the cross-shelf velocity and greater cross-shelf transport. In contrast, when wind-

driven circulation advects denser over lighter water, mixing is enhanced and shear

and transport are reduced. To find a modification of the u∗h scale for transport, we

first look for the relevant scales by which to measure the cross-shelf density gradient.

Scaling the cross-shelf density gradient by the background density and gravity creates

a cross-shelf gradient of reduced gravity, (g/ρ)(∂ρ/∂x). The stratification created by

advecting the cross-shelf density gradient will be proportional to this value. The shear

in the flow, ∂u/∂z ∼ u∗/h, contributes to how much buoyancy is advected horizontally

to create stratification by a given ∂ρ/∂x, but also drives the instabilities that mix
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momentum and density. Based on these two scales, we create a nondimensionalized

cross-shelf density gradient as the ratio of the reduced gravity to the square of the

shear in the flow. The value takes a form similar to a horizontal Richardson number,

also called the Simpson number (Simpson et al., 1990), which in estuarine contexts

is used to describe the ratio of the horizontal density gradient (stratifying force) to

vertical mixing (destratifying force).

Equation 5.12 defines a modified horizontal Richardson number, Rix, that we use

as our nondimensionalized form of the cross-shelf density gradient. The sign of the

wind stress, τx/ |τx|, has been added to distinguish between advection that will create

positive stratification, partially limiting the mixing effect of the wind stress, and that

which will create negative stratification, enhancing mixing.

sign(τx)Rix =
τ sx

|τ sx|
g

ρ

h2

u2
∗

∂ρ

∂x
(5.12)

Figure 5-15 compares transport fraction with the signed horizontal Richardson

number. In 5-15(a), the density gradient used to calculate Rix is from the final state of

the model and in 5-15(b), the density gradient used to calculate Rix is predicted from

the initial conditions by equation 5.11. These plots show clearly the complimentary

relationship between Richardson number and transport fraction. For density values

increasing in the direction of the wind stress wind stress, an increased density gradient

increases transport by increasing stratification and reducing mixing. For a wind

stress opposing the density gradient, a larger cross-shelf density gradient decreases

the transport fraction by creating more mixing for a particular wind stress magnitude.

The steeper slope of the transport for positive sign(τ sx)Rix values than negative ones

indicates the transport’s stronger response to wind blowing with a given cross-shelf

density gradient (from lighter towards denser water) than against it. The larger

change in transport for offshore than onshore wind stresses in section 5.3.2 was not

just an effect of the higher near shore density gradient created by offshore wind

stresses, but an effect of the two directions of wind stress acting in different ways on
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the cross-shelf density gradient.

The higher slope observed in Figure 5-15 for positive values of the horizontal

Richardson number is similar to the response of wind shear to flux Richardson number

as described by Monin-Obukhov (1954) similarity theory and demonstrated with at-

mospheric field measurements by Businger et al. (1971). The flux Richardson number

indicates the balance between buoyancy production and shear production of turbulent

kinetic energy (Flierl and Ferrari, 2006). A positive flux Richardson number indicates

the stratification is positive and turbulent kinetic energy is lost to potential energy.

A negative flux Richardson number indicates a negative stratification is generating

turbulence. Large positive (> 1) flux Richardson numbers indicate turbulence is sup-

pressed by the stratification and transport can increase continuously with increased

forcing. Large negative (< −1) flux Richardson numbers indicate strong convective

instability, where increased wind stress forcing will not increase shear and transport

because the convective mixing will destroy the vertical shear in the velocity. For small

flux Richardson numbers (−1 < Rif < 1), the system is weakly stratified and shear

production of turbulence dominates over buoyancy production of turbulence. In our

model, advection of the horizontal density gradient creates either a positive or neg-

ative stratification, which determines the sign of the flux Richardson number. This

relationship between the horizontal and vertical density gradients allows the use of

the predictable cross-shelf density gradient in describing the transport efficiency. The

different slopes of the transport - density gradient relationship evident for positive

and negative values of the horizontal Richardson number in Figure 5-15 are caused by

the different states of the system indicated by positive and negative (flux) Richardson

numbers.

This result is particularly important for planning field investigations and inter-

preting data because the cross-shelf density gradients analyzed here, along with wind

stresses and water depths, are measurable with common observational techniques. In

contrast, the small stratification resulting from horizontal buoyancy advection across

the inner shelf, as described in section 5.3.2 and shown in Figure 5-11 are not readily

169



−1 0 1
0.6

0.8

1

1.2

1.4

1.6

sign(τsx)*Ri
x
 with final ∂ρ/∂ x

U
/1

.3
u *h

(a) Using model ∂ρ/∂x

−1 0 1
0.6

0.8

1

1.2

1.4

1.6

sign(τsx)*Ri
x
 with predicted ∂ρ/∂ x

U
/1

.3
u *h

(b) Using predicted ∂ρ/∂x

Figure 5-15: Transport fraction as a function of cross-shelf density gradient. Base
case run (◦) and runs varying N2

0 (♦), τxs (4), α (�), depth (·), and initial cross shelf
density gradient (∗) with onshore (blue), offshore (red) wind stress.

measurable from the data set used in Chapters 2 - 4 of this theses, or from other

similar moored observations.

5.5 Surface Heat Flux

So far, this model has been used to demonstrate how both initial stratification and

an initial cross-shelf density gradient affect the density gradient across the inner shelf

and the cross-shelf transport. Both these experiments tested the effects of changing

the initial conditions existing prior to the onset of wind forcing. Here we ask, what

is the effect of a continuous surface heat flux on the wind-driven system? The model

setup is the same as was described for the base case in section 5.2.2 with the addition

of a constant surface heat flux, Q (W/m2). Surface heat flux values of -10, 0, 10, 50,

100, 150, and 200 W/m2 are used. In the model the surface heat flux is imposed as

a temperature flux through the surface, Q/ρcp (◦Cm
s
), using a seawater specific heat

capacity, cp = 3985 J
kg◦C

. The values for Q used here are representative of summertime

daily averages of net surface heat flux over the inner shelf off Martha’s Vineyard, MA,

including latent, sensible and radiative fluxes. In reality the latent heat flux primarily

cools the surface through evaporation while the incoming radiation heats the water
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column as a function that decays away from the surface at a rate proportional to one

over the wavelength. Long and shortwave radiation decay coefficients for the open

ocean surface mixed layer, such as those used by Price et al. (1986), are unlikely

to apply directly to the inner shelf where the water is often turbid and absorption

is more likely to happen very near the surface. We also recognize the unrealistic

nature of surface heating without the accompanying evaporative cooling that would

destabilize the near surface region, but due to the strong wind mixing that extends

through the full water depth on the inner shelf, we do not expect this omission of

an additional destabilizing force to substantially alter our results. With awareness

of these simplifications of the surface heating process, we will not expect the vertical

distribution of properties provided by the model to be completely realistic and will

focus our analysis on depth-averaged values.

While this experiment was originally conceptualized as a way to test if a surface

heat flux could create a stratified inner shelf, a brief consideration of the flux Richard-

son number, the ratio of buoyancy flux to shear production, over typical ranges of

inner shelf surface heat flux and wind stress values demonstrates why this model

implementation is unlikely to create the stratification we initially sought. The flux

Richardson number is defined

Rif =
buoyancy flux

shear production
=

(
gαTQ

ρcp

)(
τ

ρ

∂ū

∂z

)−1

(5.13a)

where, as we have already discussed, the appropriate scalings are τ/ρ ∼ u2
∗ and

∂ū/∂z ∼ u∗/h, leaving us with

Rif =
gαTQ

ρcp

h

u3
∗

(5.13b)

In these experiments we use surface heat flux values from -10 to 200 W/m2 all with

τ = 0.1 Pa, and additionally test 50 and 100 W/m2 with τ = 0.05 Pa. These heat

flux and wind stress values give us a range of −0.04 < Rif < 0.85 for all except the
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0.05 Pa, 100 W/m2 run, which has Rif = 1.8. These flux Richardson values approach

one and indicate the flow may be stabilized by stratification, but the strongest shear

is also near the surface where the surface heat flux is added, making the in situ flux

Richardson number lower than the value based on the shear scale of u∗/h. Indeed,

the results we observe and describe in the following section demonstrate that the

surface heat flux influences the transport and the cross-shelf density gradient, but

does not create stratification beyond the minimal value generated by the advection

of the cross-shelf density gradient on an actively mixing inner shelf.

5.5.1 Surface heat flux creates a cross-shelf density gradient

With continuous wind stress causing mixing, the incremental addition of heat through

the surface never creates stratification strong enough to shut down the vertical mix-

ing. We estimate the cross-shelf density gradient that would be created on the inner

shelf by our imposed surface heat flux over the sloping bathymetry, assuming com-

plete vertical mixing and no horizontal advection of buoyancy. After some time, t (s),

in water depth h (m), the depth averaged temperature, T (◦C), will have increased

by Qt/hρcp (◦C) over the initial temperature at that location. The cross-shelf tem-

perature gradient generated by the surface heat flux, Q is given by

(
∂T

∂x

)
Q

=
∂

∂x

(
Qt

ρcph

)
, where h = h(x)

=
Qt

ρcp

(
∂

∂x

1

h

)
=
Qt

ρcp

(−α
h2

)
, for h = h0 + αx. (5.14a)

Then the density gradient generated by the surface heat flux is

(
∂ρ

∂x

)
Q

= −ρ0αT
∂T

∂x
= ρ0αT

Qt

ρcp

( α
h2

)
, (5.14b)
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where αT is the thermal expansion coefficient in the linear equation of state. The

cross-shelf density gradient created by vertically mixing the initial stratification is

still

(
∂ρ

∂x

)
N2

= −α
2

∂ρ

∂z

∣∣∣∣
0

, (5.14c)

so the total cross-shelf density gradient will be

∂ρ

∂x
=

(
∂ρ

∂x

)
N2

+

(
∂ρ

∂x

)
Q

= −α
2

∂ρ

∂z

∣∣∣∣
0

+ ρ0αT
Qt

ρcp

( α
h2

)
(5.14d)

In Figure 5-16, modeled and predicted cross-shelf density gradients are show for

model runs with Q = 150 W/m2 and wind stresses of 0.1 Pa (5-16(a)) or 0.05 Pa

(5-16(b)). Blue and red lines are model output from onshore and offshore wind

stresses, respectively, and black lines are the prediction based on initial stratification

and input surface heat flux. The modeled cross-shelf density gradient closely follows

the 1/h2 trend predicted by equation 5.14d. The modeled ∂ρ/∂x sharply decreases

and separates from the prediction at the water depth where the surface boundary

layer separates from the bottom because the switch from a mixing depth that fol-

lows bathymetry to a constant boundary layer thickness is not part of the simplified

dynamics included in the prediction.

For both wind stress magnitudes, the transition from inner shelf to a boundary

layer separate from the bottom happens at a shallower depth for the offshore wind

stress than for onshore. The depth of the transition is affected by the wind stress, but

the magnitude of the density gradient within the inner shelf is not, as demonstrated

by the close match of the numerical model output to equation 5.14d, which does not

include the wind stress magnitude.

Figure 5-17 shows the modeled and predicted cross-shelf density gradients result-

ing from a range of surface heat flux values in 10 m water depth after 5 days. Blue

and red symbols are model output from onshore and offshore wind stresses, respec-
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Figure 5-16: Cross-shelf variation of ∂ρ/∂x as a function of water depth for onshore
(blue) and offshore (red) wins stresses and as predicted by equation 5.14d. Vertical
black lines indicate the 10 m deep locations used in Figure 5-17

tively. The black line connects predictions made by equation 5.14d from the initial

stratification and input surface heat flux.
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Figure 5-17: Cross-shelf density gradient after surface heating (+) and 0.1 Pa wind
stresses for onshore (blue), offshore (red) wind directions and as predicted for complete
vertical mixing (black line) by equation 5.14.

For both on and offshore wind directions, the cross-shelf density gradient increases

with Q, closely following the linear trend predicted by equation 5.14. The close

match of ∂ρ/∂x here with equation 5.14 and in section 5.4.1 with equation 5.11
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indicates that the cross shelf density gradient is set primarily by one-dimensional

processes on the inner shelf. The noted deviations from theses predictions indicate

that advection becomes important in setting the density structure for offshore wind

stress, particularly near the outer edge of the inner shelf.

5.5.2 Surface heat flux affects cross-shelf transport

Transport as a function of Q

Surface heat flux changes the cross-shelf transport by increasing the cross-shelf density

gradient that results from vertical mixing. The linear relationship ∂ρ/∂x has with Q

translates to a near linear change in transport with Q, for a particular water depth

and wind stress magnitude and direction. Figure 5-18 shows the trend of increasing

transport by offshore wind stress and decreasing transport by onshore wind stress for

increasing surface heat flux values.
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Figure 5-18: Transport fraction as a function of surface heat flux for onshore (blue)
and offshore (red) wind stresses. Q ranges from -10 to 200 W/m2 for τx = 0.1 Pa at
10 m water depth.
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Stratification as a function of Q

Without wind stress, surface heat flux creates stratification by warming the near

surface water. Under wind forcing, it is by the combined increase in cross-shelf

density gradient and increase or decrease in transport, that a surface heat flux alters

the small final stratification maintained on the inner shelf. For offshore wind stress,

the surface heat flux increases the cross-shelf density gradient and increases the cross-

shelf transport fraction. These two effects combine to increase the final stratification

on the inner shelf, which in turn feeds back positively on the transport. For onshore

wind, the surface heat flux increases the cross-shelf density gradient but decreases

the cross-shelf transport fraction. An increased cross-shelf density gradient for a

fixed transport would be expected to make a more negative stratification by onshore

wind stress. A decreased transport for a fixed cross shelf density gradient would be

expected to reduce the magnitude of the negative stratification. These two tendencies

have opposite effects on the stratification so it is only from the model results that

we find that the small negative stratification continues to decrease (become more

negative) for increasing surface heat flux.

Figure 5-19 shows the trend of increasing stratification by offshore wind stress

and decreasing stratification by onshore wind stress for increasing surface heat flux

values. These trends mimic those observed in the transport fraction as a function of

surface heat flux, as seen in Figure 5-18.

Transport scaled by Rix

Now that we have seen the individual relationships between surface heat flux and

cross-shelf density gradient, transport, and final stratification, we reconsider the hor-

izontal Richardson number as a scale for the transport fraction. As in section 5.4.2,

we find that the data, which spread with wind stress magnitude and water depth

in previous plots in this section, fall together when their effects on transport are

combined into the horizontal Richardson number. Figure 5-20 shows transport frac-

tion as a function of the horizontal Richardson number times the sign of the wind
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Figure 5-19: Final stratification as a function of surface heat flux for onshore (blue)
and offshore (red) wind stresses. Q ranges from -10 to 200 W/m2 for τx = 0.1 Pa at
10 m water depth.

stress. In 5-20(a) the density gradient used to make Rix is from the model output,

while in 5-20(b) the density gradient used to make Rix was predicted by equation

5.14d from the model inputs. Transport increases more rapidly for positive values
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(b) Using ∂ρ/∂x predicted by eq. 5.14

Figure 5-20: Transport fraction compared to the sign of the wind stress times the
horizontal Richardson number, Rix for modeled transport at 10 m water depth for
surface heat flux values from -10 to 200 W/m2 and for water depths from 5-12 m (·)
for Q = 150 W/m2. (a) uses the cross-shelf density gradient generated by the model
and (b) uses the density gradient predicted by equation 5.14

of sign(τx) ∗ Rix than it decreases for negative values. This difference makes sense
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when we consider the meaning of a wind stress and a density gradient in the same

direction or in opposite directions. Wind blowing from warm water over cooler water

will increase stratification and transport and impede the mixing process. Wind blow-

ing cold water over warmer water causes negative stratification near the surface first,

making the water column unstable in same part of the water column where the shear

in the wind-driven circulation is highest. This instability increases mixing, which will

reduce shear and transport. Both the mixing and the reduced transport of buoyancy

will reduce stratification, so the transport reduction will rapidly limit itself.

In Figure 5-20(b), the ∂ρ/∂x predictions for offshore (red) wind stress over varying

water depths (·) do not lie on a single line as well as those for onshore (blue) wind

stress or those in Figure 5-20(a), which used the actual ∂ρ/∂x values generates by

the model. The difference is due to the prediction’s underestimation of ∂ρ/∂x very

near the coast and overestimation of ∂ρ/∂x towards the outer edge of the inner shelf

for upwelling wind stresses. That difference can be observed in Figure 5-16(a), where

the prediction (black) line is below the modeled (red) line for depths up to 8 m and

above it for 9 m and deeper.

5.5.3 Deep water boundary layer thickness

In deep water, the surface heat flux warms the entire surface mixed layer, increasing

the density jump across the base of the mixed layer. Since deep water boundary

layer thickness is in part limited by the strength of the stratification below it, we

check that the deep water boundary layer thickness is not strongly influencing the

results from this section that we have attributed to the inner shelf cross-shelf density

gradient. In our model, the deep water boundary layer develops to a 16 m thickness

for runs with 0.1 Pa wind stress and surface heat flux ranging from -10 to 100 W/m2.

The boundary layer is one grid cell, or about 2 m, thinner for the two runs with

highest surface heat flux. In contrast, for the runs with wind stress one half the

size, 0.05 Pa, the deep water boundary layer thicknesses are 10 and 8 m for 50 and

150 W/m2 surface heat fluxes, respectively. The difference in deep water boundary

178



layer thickness between simulations with varying surface heat fluxes is much smaller

than change with wind stress magnitude over the range of parameters used here. As a

result, this small change is boundary layer thickness with Q is unlikely to substantially

effect the results presented in Figures 5-20 or 5-16(a).

5.6 Combined cross- and along-shelf wind forcing

Until now, we have considered only the effect of purely cross-shelf wind stress. How-

ever, in the field, the wind stress is rarely purely cross-shore or along-shore. At the

MVCO field site off the southern coast of Martha’s Vineyard, the coastline runs nearly

east-west and summertime wind stresses are typically towards the northeast, with a

secondary tendency towards the southwest (Figure 5-21). It is convenient to think of

DOWNWELLING UPWELLING

OFFSHORE
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0 − 0.05
0.05 − 0.1
0.1 − 0.2
0.2 − 0.3
0.3 − 0.5
>=0.5

|τ|

Figure 5-21: Summertime (Apr.-Oct.) wind stress from the Air Sea Interaction Tower
(ASIT) at the Martha’s Vineyard Coastal Observatory during the SWWIM deploy-
ments. Total bar length for each 10◦ wedge represents percent of time wind stress is
in that direction. Dashed circles are 2, 4, 6, 8% of data. Color bars withing each slice
show distribution of wind stress magnitudes (Pa) in that direction.

the response to combined along- and cross-shelf wind stresses as the sum of the circu-

lations driven by each of the two wind stress components separately. This section was
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motivated by the particular question of whether, in light of the likely nonlinear con-

tributions to mixing and buoyancy advection by the two components of wind stress,

the cross-shelf circulation’s responses to cross- and along-shelf wind stresses could

reasonably be summed, as was necessarily assumed in a linear regression analysis of

field data in the previous observational chapter. This experiment was performed with

the intention of describing the influence of an along-shelf wind stress component on

the cross-shelf circulation’s response to cross-shelf wind stress. To investigate the

response to combined wind forcing we use the base case model configuration (initial

N2 = 4.25× 10−4 s−2) and vary the wind direction from 0 to 360◦ in 15◦ increments

while holding the wind stress magnitude constant at 0.1 Pa. We ask, is the response

to cross-shelf wind stress symmetric in the presence of an along-shelf wind stress and

can a combined τx + τ y wind stress create a stratified inner shelf? And then, how

does the upwelling or downwelling density front evolve, where is the outer edge of the

inner shelf, and are these two transitions at the same location?

5.6.1 Asymmetric response to τx + τ y combined wind forcing

In the previous sections of this chapter, we have observed that a cross-shelf wind alone

over an initially stratified shelf does not create a strongly stratified inner shelf. Even

with the addition of a surface heat flux or an imposed cross-shelf density gradient,

stratification that would be measurable in the field does not develop except under

a very high surface heat flux or very strong cross-shelf density gradient combined

with low wind stress. Circumstances such as these are unlikely to persist on the

Martha’s Vineyard shelf for extended periods of time. Models of along-shelf wind over

a continuously stratified shelf (Allen et al., 1995; Austin and Lentz, 2002; Wijesekera

et al., 2003) have demonstrated upwelling wind stress creates stratification over much

of the shelf while Tilburg (2003) showed that for the same stratification and wind

stresses used here, the 5 m water depth location remained unstratified for all wind

directions.

With combined cross- and along-shelf wind stresses, we observe that the strongly
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asymmetric response to along-shelf wind forcing extends to the inner shelf and creates

an additional asymmetry in the response to the cross-shelf wind. Figure 5-22 shows

the cross-shelf transport (top row, blue dots) and stratification (bottom row) com-

pared to the cross- (black line) and along-shelf (blue line) wind stresses at locations in

the model with water depths of 7 (5-22(b)), 12 (5-22(c)), and 17 m (5-22(d)). These

depths were chosen to match the locations of field observations discussed in Chapter

4.
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Figure 5-22: Cross-shelf transport (m2/s) calculated above the first (blue dots) and
second (red dots) zero crossing of the cross-shelf velocity profile, cross-shelf (black
line) and along-shelf (blue line) wind stress components (Pa) in the top row, and
final stratification, N2 (s−2) in bottom row, as a function of wind direction, 0◦ =
offshore, 90◦ = upwelling, at 7 (left), 12 (center), and 27 m (right) water depth

The wind stress magnitude for all model runs in this experiment is 0.1 Pa, with

f = 10−4 s−1 and ρ0 = 1025 kg/m3, so full Ekman transport to the right of the wind

stress is 0.98 m2/s. For a nearly unstratified inner shelf, transport is expected to scale

like ux∗h, where ux∗ =
√
τ sx/ρ, as discussed in section 5.3. Indeed, at 7 m water depth,

the transport closely follows the variation in the cross-shelf wind stress and the water

column remains nearly unstratified for all wind directions. This result is consistent

with Tilburg’s results from 5 m water depth.

At 12 m, asymmetry develops in both the transport and the stratification. For
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Figure 5-23: Cross-shelf transport (m2/s) driven by wind stress in direction indicated
on horizontal axis (blue) and the sum of the transports driven by the cross- and
along-shelf wind components separately (purple). 0◦ = offshore, 90◦ = upwelling

downwelling wind stresses (180◦ < θ < 360◦), the 12-m location remains unstratified

and the transport follows the shape of the cross-shelf wind stress. For upwelling wind

stresses, the transport is elevated for the 0-90◦ range for offshore and upwelling wind,

and the water column is stratified. These features are asymmetric to the response to

onshore and downwelling wind.

At 17 m, the full range of downwelling wind stresses (180◦ < θ < 360◦) still creates

an unstratified water column and transport following the variation in the cross-shelf

wind stress. At this depth, the water column becomes stratified for the range of

upwelling wind stresses (0◦ < θ < 180◦). The transport is higher for upwelling than

downwelling wind stresses for all corresponding cross-shelf wind stress components.

At 90◦, 70% of full Ekman transport is realized. However, this transport is further

modified by the cross-shelf wind stress. The transport peaks at 60◦ (offshore of pure

upwelling) and decreases from 60 to 180◦. At midshelf (not shown here), the water

column will be stratified for all wind directions and transport will respond with 180◦

rotational symmetry.

In Figure 5-23, the transports show in Figure 5-22 (blue) are compared to the

sum (purple) of transports driven by each wind stress component separately. At the

12-m location (5-23(c)) the difference is noticeable for all upwelling wind stresses, and

largest in the upwelling/onshore range (90◦ < θ < 180◦). At 17 m depth (5-23(d)), the
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difference is most dramatic for wind stresses that have a large cross-shelf component

combined with a small upwelling component (15, 30, 150, 165◦). The individual

contributions from along- and cross-shelf wind stresses to the summed transport are

show in Appendix 5.A. It is notable that at 12 m on a stratified inner shelf, the

transport does not monotonically increase for increasing magnitudes of upwelling

wind stress. Blue dots in Figure 5-30(c) show a decreasing transport from 60 to 90◦

(and 120 down to 90◦), for increasing upwelling wind stress. The stronger upwelling

wind stress creates more stratification by stronger advection, but also creates more

mixing, which destroys it.

In Figures 5-22(b) 5-22(c), at 120◦ and 150◦ respectively, we note the abrupt

jump in transport magnitude and sign. These angles are both between upwelling

and onshore wind stress. The jump is a result of our choice to calculated transport

by integrating to the first zero crossing of the cross-shelf velocity profile for all wind

angles and water depths. At these wind angles, the upwelling component of wind

stress drives offshore transport in the upper portion of the water column and the

onshore component opposes this circulation, forcing the very near surface velocities

back to a negative value. Figure 5-24 shows cross-shelf velocity profiles from the 12-m

location for every 30◦ in the range of upwelling wind stress directions. At this depth,

profiles from 120 to 150◦ have two zero crossings.

For some transport applications, it may make sense to integrate to the second

zero crossing of the cross-shelf velocity profile instead. Where the cross-shelf velocity

profile has more than one zero crossing, transport calculated to the second zero cross-

ing is also indicated in Figure 5-22 (red dots). However, at mid-shelf, any direction

wind stress drives a full Ekman spiral in the surface boundary layer. For a cross-shelf

wind, the velocity profile will have two zero crossings, at the middle and bottom

of the surface boundary layer, and for an along-shelf wind, the velocity profile can

have up to four, two each near the tail ends of both boundary layers. This example

highlights the sensitivity of the transport calculation to the application of transport

we are interested in. Here, we choose to integrate to the first zero crossing of the
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velocity profile for all wind directions and water depths while keeping in mind that

when the two wind stress components would independently drive opposite direction

surface velocities, the abrupt transition in our transport calculation occurs at one

point in a gradual transition in the model dynamics. We also note the local peak

in stratification at 150◦ associated with the jumps in transport at the 12 and 17 m

depths; this feature remains unexplained.
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Figure 5-24: Profiles of cross-shelf velocity (m/s) in 12 m water depth driven by 0.1
Pa wind stress at upwelling wind directions varying from 0 to 180◦ in 15◦ increments

5.6.2 Example of equal parts τx and τ y wind stress

An upwelling wind stress drives an offshore cross-shelf component to the surface ve-

locity so the addition of an onshore wind stress opposes that circulation, while an

offshore wind stress enhances it. Cross-shelf transects of density, cross-shelf veloc-

ity, and along-shelf velocity from two model runs with wind stresses at 45◦ onshore

and offshore of upwelling show the differences in the inner shelf response to up-

welling/onshore and upwelling/offshore configurations. Figure 5-25 shows density,

cross-shelf velocity, and along-shelf velocity transects for purely upwelling wind stress

(middle row) compared to those for 45◦ onshore (top row) and 45◦ offshore (bottom
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row) of upwelling. This discussion focuses on the cross-shelf circulation in 5-25(b),

but we also note that the along-shelf velocity in 5-25(c) shows that while both circu-

lations develop a double jet structure, the along-shelf flow is much stronger for the

onshore cross-shelf wind component and the density structure in 5-25(a) at the same

location shows isopycnals tilted towards the coast creating stronger stratification in

the upper portion of the water column for the onshore wind case.

In Figure 5-25(b), the maximum cross-shelf velocities driven by the upwelling/offshore

wind are larger and the cross-shelf transport is confined closer to the surface than

for the upwelling/onshore case. With an offshore wind component (bottom row), the

circulation is continuous across the inner shelf, with streamlines entering the domain

at the deep boundary, passing through the shallowest few kilometers near the coast,

and upwelling at a range of locations. With an onshore wind component (top row),

streamlines entering the domain at the deep boundary all upwell near 10 km offshore

and block transport to the shallowest part of the domain. A separate, closed, stream-

line indicates opposite direction circulation (onshore at near the surface) onshore of

10 km. These results from initially stratified model runs resemble the analytic model

solution for the unstratified case of combined along- and cross-shelf wind forcing

presented by Estrade et al. (2008)

For purely upwelling wind stresses over an initially stratified shelf, the slope Burger

number, S ≡ αN/f , determines if the return flow is confined to a bottom boundary

layer (S < 1) or distributed throughout the stratified interior (S > 1) (Lentz and

Chapman, 2004). For larger Burger numbers and an interior return flow, Austin’s

(1998) numerical model showed upwelling circulation and advected stratification pen-

etrating across the inner shelf to the coast. For small Burger numbers with a bottom

boundary layer return flow, isopycnals upwelled and outcropped offshore of the coastal

boundary, pinching off and isolating a region of lighter water near the coast. For all

model runs in this section, S = 0.21 < 1, so a warm inner shelf, isolated from the

midshelf by upwelling velocities and outcropping isopycnals, is expected. Indeed,

our purely upwelling wind stress run (middle row of Figure 5-25) does exhibit the

185



predicted behavior. Streamlines rise from the bottom boundary layer to the sur-

face around 10 km from shore and no cross-shelf circulation develops onshore of the

upwelling. Results shown in Figure 5-25(b), demonstrate that the cross-shelf wind

component can alter the applicability of the Burger number criteria to determine the

connectivity of streamlines across an upwelling inner shelf.
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Figure 5-25: Inner shelf fields of (a) density color and contours, (b) cross-shelf velocity
color and streamfunction contours, and (c) along-shelf velocity color and contours.
Contour intervals are 0.1 kg/m3, 0.04, 0.05 m/s for (a), (b), and (c). The circulations
were driven by 135◦ = upwelling + onshore (top row), 90◦ = upwelling (middle row),
and 45◦ = upwelling + offshore (bottom row).

5.6.3 Defining the inner shelf

In Figure 5-22, we saw the asymmetric and continuous transition from the cross-shelf

wind stress dominated transport regime of the inner shelf, to the along-shelf wind

stress dominated transport of the mid-shelf. Before we continue with the discussion

of the effect of stratification on the inner shelf, we must pause to define what inner
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shelf means in this context. The term inner shelf has been used in a variety of ways in

the past, alway beginning outside of the surfzone, its extent is usually defined as the

location where the upper and lower boundary layers overlap and there is divergence

in the Ekman transport (Lentz, 1995) or as the region onshore of the surface density

front that is created by up- or downwelling wind stresses (Austin and Lentz, 2002).

In this model, there is no beach or surfzone, only a gradually sloping bottom up

to a shallow vertical wall. We have observed in Figure 5-22(c) that both cross- and

along-shelf wind stresses are important in driving cross-shelf transport in the stratified

region. For model runs with both cross- and along-shelf wind stress components, we

use a Richardson number (Ri = (∂u/∂z)2/N2) criteria to determine when the surface

boundary layer is separate from the bottom boundary layer, or from the bottom if

there is no bottom boundary layer. Here, the inner shelf is the region onshore of

the first location where somewhere in the water column, Ri > 0.5. The turbulence

closure scheme in the model has a nominal “critical” Richardson number of 0.21 for

suppression of turbulence. However, the functional form of the eddy viscosity has a

steep but smooth decrease for Richardson numbers greater than 0.21 and we find the

slightly higher value provides a better measure of the extent of the inner shelf. In

particular, the purely cross-shelf wind stress velocity profiles have a zero-shear point

at about 10% of the water depth above the bed (see z ∼ −11 m on 0 and 180◦ profiles

in Figure 5-24) with Ri values between 0.2 and 0.5 at that height across the inner

shelf. For Ri = 0.5, our model output has the eddy viscosities around 10−3 m2/s,

which is two orders of magnitude higher than the model background value. Where

the boundary layer separates from the bottom, the Richardson number is well over

1. For model runs with an along-shelf wind component, defining the inner shelf by

maximum Ri values between 0.21 and 1 have qualitatively similar results.

In Figure 5-26, density and cross-shelf velocity transects are shown for the same

onshore/upwelling wind case as in the top row of Figure 5-25. In Figure 5-26, the

central of the three vertical lines in each panel indicates the location of the first profile

with an Ri > 0.5 value. The left vertical line in each panel indicates the location
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of maximum depth-averaged vertical velocity. The right vertical line indicates the

location of the surface density front.
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Figure 5-26: Density anomaly (a) and cross-shelf velocity (b) for onshore + upwelling
wind stress. Vertical lines indicate, from left to right, the locations of maximum
depth-averaged vertical velocity, the first Ri > 0.5, and the surface density front.

5.6.4 Stratification and transport for all wind directions and

water depths

Here we extend our view of transport (5-27(b)) and stratification (5-27(a)) to include

all wind directions. In the polar plots of Figure 5-27, distance from the center repre-

sents water depth in meters, and angle is wind stress direction, with 0◦ offshore and

90◦ upwelling. The superimposed lines, which are the same on both plots, indicate the

locations of the surface density front (dashed) and the first depth that has Ri > 0.5

(solid). All values are from the end of the 5-day model runs.

For downwelling wind stresses (180◦ < θ < 360◦), the surface density front, the

outer edge of the inner shelf (Ri > 0.5) and sharp increases in stratification and

transport all occur within a few kilometers of each other, spanning 35 to 40 m water

depth across the width of the downwelling front. The negative vertical velocity (not

shown) associated with downwelling is also limited to a region just a few kilometers

wide. Offshore of the downwelling front, there is stratification and full Ekman trans-

port driven by the along-shelf wind stress. Onshore of the front, there is little or even
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(a) Stratification (b) Transport

Figure 5-27: Color indicates stratification (a) and cross-shelf transport, positive off-
shore (b) after 120 hours. Distance from the center indicates water depth (m) and
compass heading indicates wind stress direction with 0◦ offshore and 90◦ upwelling.
The dashed line indicates the location of the surface density front (density 0.02 kg/m3

different from the value at the center of the model domain). The solid line indicates
the first depth where some part of the water column has Ri > 0.5.

negative stratification, and transport scales like ux∗h, as was described in section 5.3.

For upwelling, a dramatically different pattern emerges. The location of the

Ri > 0.5 value is far onshore of the surface density front. Stratification and transport

gradually increase from ux∗h at the onset of stratification to the full Ekman trans-

port at the outer edge of the inner shelf. The transitions occur tens of kilometers

apart, separated by a wide swath of vertical upwelling velocities (not shown). When

upwelling winds are combined with a cross-shelf wind stress, onshore wind stress ap-

pears to reduce stratification and transport within the inner shelf by opposing the

upwelling circulation, while increasing vertical mixing and so forcing the transition

to midshelf dynamics to occur farther offshore, widening the inner shelf. Offshore

wind stresses increase stratification and transport on the inner shelf, but also move

the transition to midshelf dynamics (and reduced efficiency of the cross-shelf wind at

driving transport) closer to shore. The same increased stratification that increases

the cross-shelf wind driven circulation on the inner shelf also allows full separation of

surface and bottom boundary layers at a shallower total water depth.
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5.6.5 Growth of the inner shelf

Allen et al. (1995) and Austin and Lentz (2002) described the evolution of stratifi-

cation and transport by along-shelf wind stresses across the inner and mid shelves.

For continuous stratification, the upwelled water eventually moves over water from a

shallower (and therefore less dense) initial depth and a local increased mixing and re-

circulation develops, as described by Allen et al. (1995) and Wijesekera et al. (2003).

Wijesekera et al. (2003) in particular noted the extended region of stratification and

transitional transport between the beginning of upwelling and complete boundary

layer separation. Here we provide one example of how the evolution of the inner shelf

is affected by the onshore or offshore component of wind stress.
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Figure 5-28: Evolution of the position of the surface density front (◦), first location
with Ri > 0.5 (solid line), and maximum amplitude of the depth-averaged vertical
velocity (+) for wind stresses at 45◦ onshore (black) and offshore (blue) of upwelling
(a) and downwelling (b). Vertical line indicates time at which wind stress reached
full (0.1 Pa) amplitude after initial two-day build up.

Figure 5-28 shows time series of the cross-shelf positions of of the maximum depth-

averaged vertical velocity (+), the edge of the inner shelf defined by Ri > 0.5 (−),

and the surface density front (◦) defined as a 0.02 kg/m3 different from center of

model domain. An example of the locations of these indices in the context of cross-

shelf density and velocity transects was shown in Figure 5-26. We note first that

the evolution of the surface density fronts (symbol (◦) in Figure 5-28) follow the

190



pattern described by Austin and Lentz (2002), with the upwelling front position

∼ τ syt and the downwelling front position ∼ τ sy
√
t. For a downwelling along-shelf

component (Figure 5-28(b)), the position of the maximum downward velocity (+) and

first Ri > 0.5 value (−) are offshore of the surface density front, but their location

relative to the surface front remain constant in time.

For an upwelling along-shelf component (Figure 5-28(a)), the position of the max-

imum downward velocity and Ri > 0.5 value do not follow the location of the surface

density front. The Ri > 0.5 location progresses offshore less rapidly than the surface

front, then moves back onshore before reaching a steady location. While downwelling

happens over a narrow region and upwelling circulation occurs across a wide swath of

inner shelf, the upwelling velocity is maximum near the onshore edge of the upwelling

region. For upwelling winds, this maximum vertical velocity, which is associated with

the maximum divergence in the Ekman transport, is onshore of the other two markers

of the outer edge of the inner shelf and progresses towards shore possibly steadying at

the end of these model runs. Throughout the model runs, both the Ri > 0.5 location

and the maximum upwelling location are farther from shore for the onshore wind

stress case. The onshore wind acts on the cross-shelf density gradient to destabilize

the water column, slowing the penetration of upwelling circulation towards the coast.

The apparent steadying of the Ri > 0.5 and maximum upwelling locations near the

end of these model runs also warrants further investigation. The stabilization occurs

earlier for runs with larger upwelling wind stress components, while the separation

between onshore and offshore wind components is more pronounced for runs with

larger cross-shelf wind stress components.

5.7 Summary and Conclusion

This chapter was motivated by a discrepancy between field observations and previous

modeling work that left open the question: how does cross-shelf wind stress drive

circulation on a stratified inner shelf? We use an idealized, 2D, cross-shelf transect
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in ROMS to describe the effects of stratification, wind stress magnitude, surface heat

flux, cross-shelf density gradient, and wind direction on the inner shelf response to the

cross-shelf component of the wind stress. To first order, the cross-shelf transport, U ,

scales like u∗h, but the transport fraction, U/u∗h, does vary with many environmental

factors.

Over sloping bathymetry, vertical mixing of initial stratification or a surface heat

flux creates a cross-shelf density gradient. Under cross-shelf wind stresses, the re-

sulting cross-shelf gradient for water depths less than the deep water boundary layer

thickness is well-represented by a prediction based on complete vertical mixing of all

contributions to the density field (equation 5.15).
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(5.15)

From modeling runs with purely cross-shelf wind stresses (sections 5.3, 5.5, 5.4),

we demonstrated that advection of the cross-shelf density gradient increases transport

by offshore winds and decreases transport by onshore winds, but does not generate a

strongly stratified inner shelf for either wind direction. For a positive cross-shelf den-

sity gradient (lighter water near the coast), an offshore wind stress moves lighter over

denser water, creating a small positive stratification, which allows increased vertical

shear in the cross-shelf velocity profile and increased transport. The increased trans-

port feeds back positively on the increased stratification until the process is limited

by shear instability. An onshore wind stress moves denser over lighter water, creating

a small negative stratification, which increases mixing and decreases transport. The

decreased transport reduces the buoyancy advection that creates the negative strat-

ification and the increased mixing also destroys the negative stratification, so the

process that alters transport by onshore wind stress is more self-limiting than that

for offshore wind stress. The relationship between cross-shelf transport and cross-shelf
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density gradient collapses for all model runs when both values are nondimensional-

ized with the relevant scales of the problem. The transport, U , is scaled by the

unstratified inner shelf transport scale, 1.3u∗h, and the cross-shelf density gradient is

scaled by the sign of the wind stress times the horizontal Richardson number, Rix,

sign(τx)(gh2/ρu2
∗)(∂ρ/∂x). Figure 5-29 shows all data from Figures 5-15 and 5-20

combined.
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Figure 5-29: Model output transport fraction, U/(1.3u∗h), compared to the sign of
the wind stress times the horizontal Richardson number, Rix for (a) model final
∂ρ/∂x and (b) ∂ρ/∂x predicted by purely vertical mixing. Color indicates an onshore
(blue) or offshore (red) wind stress, and the experiment variable is indicated by the
symbol: base case (◦), 5 - 12 m water depth (·), wind stress magnitude (4), initial
stratification (�), initial cross-shelf density gradient (∗), and surface heat flux (+).

Using model runs with wind forcing that is not purely cross-shelf (section 5.6),

we find that circulation driven by cross-shelf wind forcing is strongly asymmetric

when combined with an along-shelf wind stress. With a downwelling component of

wind stress, the inner shelf remains unstratified and the cross-shelf wind dominates

the cross-shelf circulation and transport. In contrast, an upwelling wind stress has

the potential to create a strongly stratified inner shelf. On a stratified inner shelf,

both along- and cross-shelf wind components contribute to the transport and affect

the final stratification (Figure 5-22). The cross-shelf wind stress plays an especially

large role in setting the direction and magnitude of the surface velocity (Figure 5-

24). Since the cross-shelf wind is the dominant driver of circulation in the shallow,
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unstratified region, the cross-shelf component of wind stress can extend (offshore

wind) or terminate (onshore) the reach of an upwelling circulation to connect the

midshelf to near shore (Figure 5-25).

These results demonstrate that because of the importance of upwelling winds in

creating stratification, it is critical to know the along-shelf wind component to predict

the circulation driven by cross-shelf wind over a stratified shelf. At the same time,

the cross-shelf wind component is critical in the shelf-to-shore transport because of

how it enhances or opposes the nearshore extent of an upwelling circulation. Where

the inner shelf becomes well mixed, it is the cross-shelf rather than vertical density

gradient that is critical to predicting the transport driven by the cross-shelf wind

stress.
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5.A Appendix: Components of the combined cross-

and along-shelf wind forcing

In Figure 5-23, the purple dots are described as the sum of the transports driven

by each component of the wind stress separately. These data were generated to

compare to the model output for 0.1 Pa winds blown in directions every 15◦ around

the compass. In the top row of Figure 5-30, the individual transports are show

along with their sum. In the bottom row, the final stratifications for each wind

component are shown. Note that for the along-shelf components (blue), the data are

symmetric around 90 and 270◦, and for the cross-shelf components (black), the data

are symmetric around 0 and 180◦.
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Figure 5-30: Top row: Cross-shelf transport (m2/s) driven by the cross-shelf (black
dots) and along-shelf (blue dots) components of wind stress separately, and the sum
of the two transports (purple dots). Cross-shelf (black line) and along-shelf (blue line)
wind stress components (Pa). Bottom row: final stratification, N2 (s−2) after runs
with only cross-shelf (black) or along-shelf (blue) wind stress. All variables show as a
function of wind direction that would result from combining the two components of
wind stress used separately. 0◦ = offshore, 90◦ = upwelling
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Chapter 6

Discussion and conclusions

The research presented in this thesis furthers the understanding of the effect of strat-

ification on wind-driven, cross-shelf circulation. Each chapter has addressed separate

aspects of the influence of stratification on the inner shelf. In this chapter, we discuss

the connections between results from Chapters 3, 4, and 5. Section 6.1.1 explains

why an idealized two-dimensional numerical model was best suited to address ques-

tions raised by field observations. Section 6.1.2 describes how modeling results inform

our interpretation of the field observations. Following the discussion, a summary in

section 6.2 highlights the key results of the thesis and section 6.3 concludes with

directions for future work.

6.1 Discussion

6.1.1 Choosing an idealized numerical model

The analyses of observations in Chapters 3 and 4 are based on the assumption of

along-shelf uniformity. This assumption, combined with the no flow through the

coast constraint, is what tells us ū = 0 when we consider the steady shallow water

equations. The relevance of the model set up in Chapter 5, in turn, depends on the

significance of two-dimensional processes at Martha’s Vineyard and on other inner
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continental shelves.

The discussion in section 4.5.3 demonstrated that the wind-driven velocities at

Martha’s Vineyard are consistent with a two-dimensional circulation. Along the

SWWIM transect, the cross-shelf circulation is dominated by the vertical structure

of the wind-driven flow, with secondary but significant circulations driven by wave

undertow and a depth-average (probably tidally rectified) flow. A three-dimensional

model of the region by Ganju et al. (2011), run with realistic bathymetry, tides, and

synoptic forcing, but no stratification, showed that the non-divergent nature of cir-

culation across our SWWIM transect is not representative of all transects across the

Martha’s Vineyard inner shelf. Those model results raise the question of the useful-

ness of a two-dimensional view of cross-shelf transport. However, a model like that of

Ganju et al. (2011) still relies on observations for verification and on preexisting the-

ory for a dynamical explanation. For example, Weisberg et al. (2001) found that with

a realistic regional scale model of the West Florida Shelf, including the stratification

was required to reproduce observed circulation and its vertical structure. In addition,

the model stratification needed to be maintained with appropriate buoyancy inputs

and data assimilation.

Our observations during stratified conditions at Martha’s Vineyard demonstrated

some shortcomings of our understanding of the interaction between stratification

and wind-driven circulation. A perfect model of all the natural complexities of the

Martha’s Vineyard shelf in stratified conditions would leave us with the same ques-

tion that was raised by the field observations: which factors in the field were most

important in determining the behavior of the system? Such little attention has been

given to the role of cross-shelf wind at driving cross-shelf circulation, and in par-

ticular on the influence of stratification in changing that process, that we require

a simpler model to answer a simpler question. The modeling chapter of this thesis

does not attempt to reproduce the observations exactly, or even approximately. We

have taken the questions arising from the observations and designed an experiment

to test them. Using a idealized numerical configuration, we can isolate the effects of
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individual forcing mechanisms on the significant and often dominant two-dimensional

features of wind-driven cross-shelf circulation.

6.1.2 Model results inform our interpretation of field obser-

vations

We interpret the asymmetry observed between the stratified response to onshore and

offshore wind stresses in Chapter 4 to be a result of the cross-shelf wind acting on

a density field set by both wind components, which, in the field, are not evenly dis-

tributed around the compass. Based on model results from Chapter 5, the inner

shelf stratification will be predominantly generated by upwelling winds and further

modified by the cross-shelf wind stress. Near Martha’s Vineyard, there is usually

lighter water near the coast and denser water offshore throughout the year so buoy-

ancy advection additionally increases or decreases the transport driven by offshore

and onshore wind stresses, respectively, as described in section 5.3.2.

To directly compare observations with the model results for all direction of wind

stress, we use a regression between the measured transport and the magnitude of the

wind stress to estimate the efficiency of each direction of wind stress at driving cross-

shelf transport. This regression is a slight variation on the one given by equation 4.3,

which separated the effect of cross- and along-shelf wind stress components.

U = AUEk + CUw +D (6.1a)

with UEk =
|τ s|
ρ◦f

(6.1b)

Uw = −USt = −gH
2
sig

16cph
cos θw (6.1c)

Figure 6-1 shows values of the regression slope, A, resulting from data sets grouped

by wind stress direction in 15◦ increments for times when the deepest field sites at

27-m water depth was strongly stratified by a top to bottom density difference greater

than 1 kg/m3, equivalent to N2 = 4×10−4 s−2. This method of data processing was
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chosen to match the model initial conditions for the experiment described in section

5.6. The model transport from Figure 5-22 is replotted here scaled by the model

Ekman transport value of |τ |/ρof = 0.97 m2/s. Because stratified conditions with

wind at certain directions, especially 0-90◦, are rare (see Fig. 5-21), subsampling the

filtered data at the low-pass cutoff frequency yields too few independent measure-

ments to perform the regression analysis. Instead, all filtered data is used (20-minute

spacing between observations) and the confidence intervals on these regressions are

subsequently scaled up by a factor of
√

72, where 72 is the ratio of number data points

used to the number of independent observations (one per day from 24-hour low pass

filtered data).

A comparison of measured to modeled transport efficiency at 12 m water depth

shows a remarkably good match in both directional dependence and magnitude. Like

the model, the observed transport efficiency peaks between offshore and upwelling

wind stress directions, drops to near zero between 90 and 180◦, and follows the shape

of the cross-shelf wind stress forcing between 180 and 360◦. In both the model and

the observations, the 12 m water depth is on the inner shelf. Observation of the

density field at the 12 m site indicate stratification there is created and destroyed on

synoptic time scales.

At 17 m water depth, the observed transport efficiency takes a similar shape to that

predicted by the model with positive values over a 180◦ range that is shifted clockwise

from the 0-180◦ range that represents an upwelling along-shelf component. However,

the measured transport does not show the elevated efficiency over the upwelling range

of wind stresses relative to the downwelling range as the model does. This difference

may be explained by the regressions covering a range of wind stress magnitudes and

stratifications. The transport at the 17 m site will be more sensitive than at the

12-m site to the thickness of the surface boundary layer, if it is separated from the

bottom boundary layer, and how far offshore an upwelling or downwelling front is

advected. In the model, transports were calculated after five days of wind stress and

the surface density front reached to between 16 and 40m water depth depending on
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Figure 6-1: Comparison of modeled transport fraction, U/(|τ |/ρf) (blue) with regres-
sion slope A ∼ U/(|τ |/ρf), calculated from observations (pink dots) at 7, 12, and 17
m water depth at Martha’s Vineyard for wind in 15◦ sections at times when the 27-m
mooring had a top to bottom density difference greater than 1 kg/m3 or approx N2

= 4×10−4 s−2, Pink lines are 95% confidence intervals on observations. 0◦ offshore,
90◦ upwelling.
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wind direction, making the 17m location generally onshore of this front. In contrast,

in the field, wind events do not typically last for five day and the density measurements

suggest the 17 m site at MVCO is often not in the inner shelf in summer times, while

the 12 m site is consistently on the inner shelf. The initial conditions at MVCO

are also not completely quiescent, stratified, and uniform for all wind events. Since

the 7 m site at MVCO is mixed my many summertime wind events, it is surprising

that the transport there does not more closely follow the cross-shelf wind stress, as

the modeled transport does. Part of the problem may be due to the relatively small

velocities driven by the wind at 7 m depth compared to other drivers of circulation.

The magnitude of modeled transport at 7 m ranges from 0 to 0.1 m2/s and the

measured transport is even smaller. Using an average value of 0.05 m2/s distributed

over the upper half of a 7 m water column generates a cross-shelf velocity of less than

2 cm/s.

Fewings and Lentz (2011) described a persistent upwelling circulation at the

Martha’s Vineyard Coastal Observatory as not wind driven due to low mean along-

shelf wind stress and lack of asymmetry in the circulation’s response to purely cross-

shelf wind stress. Our model results now suggest that a low mean along-shelf wind

stress is not reason enough to discount along-shelf wind as a mechanism for creating a

stratified inner shelf and that, at MVCO, upwelling winds contribute to the observed

stratification. However, we note that these results do not explain the small portion

of stratified conditions under downwelling wind stress observed in the field. Some

mechanism other than wind-drive circulation is likely responsible for the stratifica-

tion during downwelling periods and would also contribute to the stratification during

all directions of wind forcing. The time-mean circulation describe in section 4.5.3 has

an offshore surface flow and is one possible source of this stratification.

2D model of a 3D shelf

The observations from the Martha’s Vineyard inner shelf show a wind driven cross-

shelf circulation that has a vertical structure consistent with a two dimensional re-
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sponse to wind forcing. The small depth-average values of time mean and wind-driven

flows (section 4.5.3) suggest along-shelf nonuniformity is not required to maintain hor-

izontally non-divergent circulation. The match between the observed and along-shore

uniform model of transport in Figure 6-1 sheds light on the dynamics driving the

vertically sheared cross-shelf circulation and supports the idea that the wind-driven

circulation at MVCO may indeed be predominantly two-dimensional.

The numerical model setup in Chapter 5 was designed to simulate the two-

dimensional response to wind forcing on the inner shelf. This idealized process study

is limited in its ability to replicate the real circulation at Martha’s Vineyard by the

various along-shore nonuniform features as well as forces other than wind that drive

circulation at this particular site. The gyre-like circulation of tidally rectified flow

described by Ganju et al. (2011) is just one such example. The island alters the wind

forcing around it so the wind stress is not spatially uniform and, despite the SWWIM

field site being chosen in part for its relatively long, straight coastline, the seabed

is streaked with rippled scour depressions in alternating bands of find and coarse

sand, as described by Goff et al. (2005). The spatial variation in wind forcing and

the variable bottom topography and roughness over which it acts will certain cause

along-shelf non-uniformities in the circulation that are not represented in the model.

Wave-driven circulation will also vary spatially, especially near the east and west ends

of the island, where wave crests will refract around the sharp curves in bathymetry.

As a final example, the model does not include a beach or breaking waves so does

not replicate rip currents through sandbar gaps, or jets, eddies, or other transient

instabilities generated in the surfzone.

6.2 Summary

Transport across continental shelves allows the exchange of heat, nutrients, larvae,

sediment, and pollutants between coastal ecosystems and the open ocean. On the

mid- and outer- shelves, along-shelf winds typically drive cross-shelf transport. On
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the inner shelf, where the surface and bottom boundary layers overlap, the along-

shelf wind is ineffective at driving cross-shelf transport because momentum mixes

from the surface to the bottom before the Coriolis acceleration can turn it. Recent

observational (Fewings et al., 2008) and modeling (Tilburg, 2003) studies have shown

cross-shelf wind stress to be a significant mechanism for cross-shelf transport on the

inner shelf. Though continental shelves are typically stratified for much of the year,

the inner shelf response to cross-shelf winds in stratified conditions is not well under-

stood. This thesis uses observations from a three-year field program south of Martha’s

Vineyard, MA, and a numerical model to describe the effect of stratification on inner

shelf circulation, transport, and sediment resuspension height. Here, we summarize

the key results that have been presented in this thesis.

6.2.1 Height of sediment resuspension

How does stratification affect the vertical structure of the suspended sediment load?

Using acoustic backscatter intensity from an ADCP as a proxy for sediment con-

centration, we find that stratification just above the bottom mixed layer limits the

height to which sediment is resuspended on the inner shelf (Figure 3-4). This capping

effect is evident for the density gradients common near Martha’s Vineyard. No large

freshwater source is needed to make a sharp pycnocline. The seasonal trend of less

mid water column resuspension during summer, when the water is stratified, is not

just the effect of smaller waves occurring in the summer, but actually a result of the

stratification.

6.2.2 Observations of cross-shelf circulation

How does stratification alter the inner shelf response to cross- and along-shelf wind

stresses?

Stratification increases the vertical shear of the circulation and the transport

driven by the cross-shelf wind stress. This effect of stratification is larger in the
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response to offshore winds than onshore winds (Figure 4-16). These observations of

circulation throughout a stratified water column and the asymmetric response to on-

shore and offshore winds are contrary to results from a previous numerical modeling

study (Tilburg, 2003) that found circulation by cross-shelf wind stress was symmetric

and confined to the surface mixed layer.

6.2.3 A model of circulation

Which environmental factors determine the efficiency of cross-shelf wind at driving

cross-shelf transport? and how does a stratified inner shelf develop?

To first order, the cross-shelf transport, U , scales like u∗h, but the transport

fraction, U/u∗h, does vary with position on the inner shelf, h/δ, and the cross-shelf

density gradient. Over sloping bathymetry, vertical mixing of initial stratification

or a surface heat flux creates a cross-shelf density gradient. Under cross-shelf wind

stresses, advection of this cross-shelf density gradient increases transport by offshore

winds and decreases transport by onshore winds, but does not generate a strongly

stratified inner shelf for either wind direction. It is the cross-shelf density gradient,

not the vertical one, that scales transport efficiency by cross-shelf wind stress on a

mixed or weakly stratified inner shelf. The strength of the density gradient relative

to the direction of the wind, nondimensionalized as a horizontal Richardson number,

scales the transport efficiency for all sources of cross-shelf density gradient (Figure

5-29).

Using model runs with wind forcing that is not purely cross-shelf, we find that

circulation driven by cross-shelf wind forcing is strongly asymmetric when combined

with an along-shelf wind stress (Figure 5-22). In these model realizations, an up-

welling along-shelf component was required to create stratification. On a stratified

inner shelf, both along- and cross-shelf wind components contribute to the transport

and, in turn, affect the final stratification. The cross-shelf wind will add to or oppose

the upwelling circulation and can extend (offshore wind) or terminate (onshore) the

reach of an upwelling cell to connect the midshelf to the surfzone (Figure 5-25). This
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result demonstrates that it is critical to know both wind components to predict the

wind-driven cross-shelf circulation over a stratified shelf.

6.3 In Conclusion

This thesis has demonstrated that both vertical and horizontal density gradients are

key to determining the effectiveness of cross-shelf winds at driving transport across

the inner shelf. The nonlinear relationship between the density and velocity fields

means that neither can be understood in isolation, and this thesis has made progress

towards quantifying the interaction between the two. The modeling and observational

analyses in this thesis are the first to address the asymmetry in the response of a

stratified inner shelf to onshore and offshore wind stresses, and the measurements

from Martha’s Vineyard are the first observational evidence for the asymmetry in the

response to upwelling and downwelling wind stresses predicted by the 2D numerical

model of Austin and Lentz (2002).

However, the current understanding of these processes is incomplete and results

so far point towards a few key topics for future work. Modeling results from sections

5.3 to 5.5 demonstrated that on a well mixed or weakly stratified inner shelf, the

cross-shelf density gradient is the variable that scales transport efficiency. So far,

an analysis of the cross-shelf density gradients during unstratified conditions in the

SWWIM data set has generated suggestive but not statistically significant results.

Further investigation of the SWWIM data set or others like it is needed to determine

the relative contributions of the vertical and horizontal density gradients.

Preliminary results on the effect of cross-shelf wind stress on the growth of the

inner shelf (section 5.6.5) clearly point to the need for further investigation of the

processes and scales that set the location and strength of upwelling under combined

cross- and along-shelf wind forcing. In addition, the connectivity between inner and

mid shelf streamlines (section 5.6.2) depends on the relative strengths of the cross-

and along-shelf wind stress components. The cross-shelf component affects whether
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the upwelling zone is a barrier to cross-shelf transport.

The final direction for future research is an investigation of the influence of strat-

ification on Lagrangian particle transport. Work should focus on both passive and

active tracers, and eventually progress towards understanding the movement of lar-

vae, nutrients, sediments and pollutants across the inner shelf. The broad application

of our newfound physical insight to topics related to human and environmental health

is the underlying goal behind this and nearly all investigations of nominally physical

problems.
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