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Momentum balanceson the North Carolina Inner Shelf

Steve LentZ, R. T. Guz&, S.Elgar, F. Fedderseh T. H. C. Herber$

Abstract. Four monthsof mooredcurrent,pressuretemperatureconductvity,
wave,andwind obsenationsontheNorth Carolinashelfindicatethreedynamically
distinctregions: the surf zone theinnershelfbetweerthe surf zoneandthe 13-m
isobath,andthe mid shelf. In the surf zonethe along-shelfmomentumbalance
is betweenthe cross-shelfyradientof the wave-radiationstressandthe bottom
stress.Thelinear dragcoeficient in the surf zoneis about10 timeslarger than

seavardsof the surf zone.On theinner shelfthe along-shelimomentunbalance
is alsofrictional; thealong-shelfwind stressandpressurgradientarebalancedy
bottomstress.In the cross-shelimomentunbalancethe pressurggradientis the
superpositiorof roughly equalcontritutionsfrom the Coriolis force (geostrophy)
andwave setdavn from shoaling,unbrolen surfacegravity waves. At mid shelf
thealong-shelimomentunbalancds lessfrictional andhenceflow accelerations
areimportant. The cross-shelmomentumbalances predominantlygeostrophic

becausehe greaterdepthand smallerbottom slopeat mid shelf reducesthe
importanceof wave setdavn. The cross-shelflensitygradientis in thermalwind
balancewith the vertical shearin the along-shelfflow in depthsasshallonv as
10 m. Thedominantalong-shelfmomentunmbalancegrovide a simpleestimate
of the depth-aeragedalong-shelfcurrentin termsof the measuredorcing (i.e.
wind stresswave radiationstressdivergence andalong-shelfpressuregradient)
thatreproducesiccuratelytheobsenedcross-shelfariationof thedepth-aeraged
along-shelcurrentbetweerthe surfzoneandmidshelf.

1. Introduction

Therelative importanceof surfacegravity wave andwind
forcing variesby an order of magnitudebetweenthe surf
zone(waterdepthsof order1 m) andthe mid shelf (water
depthsof order100m). Many obsenationalprogramshave
focusedon flows in the surf zoneor on the mid shelf. How-
ever, therearefew detailedobsenationalstudiesof theinner
shelfregion, betweerthe surf zoneandthe mid shelf, and
momenturnrbalanceghereareunderstoogoorly.

Thedepth-aeragedilong-shelinomentunbalancewithin

thesurfzone(assuminglong-shelhomogeneousathymetry)

is betweenforcing by obliquely incident breakingsurface
waves (e.g. gradientsin the along-shelfcomponentbf the
wave radiationstressds,, /0x), bottom stress,and possi-
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bly cross-shelmixing processefTrhornton and Guza, 1986;
Svendsen and Putrevu, 1994;Feddersen et al., 1998]. (Wave
radiationstressesg.g. S, and.S,,, representhe momen-
tum flux dueto surfacegravity waves and are analogous
to Reynold’s stresse§longuet-Higgins and Sewart, 1964].
Unlessnotedotherwisethetime scalef interestarea few
days, long comparedwith surface wave periodsand vari-
ablesareaveragesver mary wave periods).Recentstudies
[Whitford and Thornton, 1993;Feddersen et al., 1998]sug-
gestthe along-shelfwind stresss sometimessignificantin
the surf zone, but is usually much smallerthan 8.S,, /0x.
Thealong-shelinomentunbalanceat mid shelfis complex.
AccelerationCoriolisforce,pressurgradientswind stress,
and bottom stressare eachimportanton various shehes
[Allen and Smith, 1981;Lentz and Winant, 1986;Lee et al.,
1984,1989]. Previous studiesindicatethe innershelfis dy-
namically different with along-shelfflows driven by both
along-shelfwind stressand along-shelfpressuregradients,
and theseforcing termsare balancedprimarily by bottom
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friction [Scott and Csanady, 1976; Pettigrew, 1981; Lentz
and Winant, 1986; Masse, 1988; Lee et al., 1989; Lentz,
1994].

Thedepth-aeragedross-shelihomentunbalancevithin
the surf zoneis betweengradientsof the cross-shelfradi-
ation stress(0.5,.;/0x) associatedvith wave breakingand
the cross-shelpressureggradientdP/0x (i.e. wave set-up)
[Longuet-Higgins and Stewart, 1964; Bowen et al., 1968;
Lentz and Raubenheimer, 1999]. The cross-shelinomen-
tum balanceover the mid shelf is betweendP/0x and
the Coriolis force associatedvith the along-shelfflow (i.e.
geostrophic)Brown et al., 1985,1987;Leeet al., 1989]. As
the depthdecreasesetup(or setdavn) forcedby the cross-
shelf wind stresswill becomeincreasinglyimportant. On
the SouthCarolinashelfin 10 m of waterd P/ 9z, the Cori-
olis force, and the cross-shelfwind stresswere estimated
to be approximatelyequalin magnitude[Lee et al., 1989].
However, 0P/dx was estimatedas the differencebetween
two pressuresensorspanninghe entire 75 km-wide shelf.
Furthermoresurfacewaveswerenot measure@ndthusthe
wave setdavn associateavith 95, /0 in unbrokenshoal-
ing waves[Bowen et al., 1968]couldnot be estimated.The
relative importanceof surfacewave forcing, Coriolis force,
andcross-shelfvind stressn thecross-shelfnomentunbal-
anceovertheinnershelfis unknavn.

Previous studieshave generallyincluded at most one
mooringsite betweerthe 5-m and30-misobathssothatlit-
tle is known aboutthe momentumbalancesacrossthe in-
ner shelf. More detailedobsenationsacrossthe inner 16
km of the North Carolinashelf are usedhereto determine
the cross-shelfariationof the dominanttermsin the depth-
averagedcross-and along-shelfimomentumbalances.The
obsenations,in waterdepthsrangingfrom 4 to 26 m, span
theregionfrom thesurfzoneto mid shelfandincludesimul-
taneougmeasurementsf currentswinds, waves,andpres-
sures.An overview of theobsenationsis givenin Section2.
Momentumbalancesredescribedn Section3. Simplified
scalingsof the obsened dominantbalancesare considered
in Sectiord, followedby a summaryin Section5.

2. Background

2.1. Field Program and Data Processing

Obsenationswere obtainedoffshoreof the Army Corps
of Engineers’Field ResearcH-acility (FRF) on the Outer
Banks near Duck, North Carolina, from August through
earlyDecembefi994aspartof theinterdisciplinaryCoastal
OceanProcessesnner Shelf Study [Butman, 1994]. The
siteis aboutmidway betweenCapeHenry; at the mouthof
ChesapeakBay (100 km to the north) and CapeHatteras.
The coastlineis relatively straightbetweenCapeHenryand
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Figure 1. Planview of the studyregion andinstrumentio-
cations. The centralcross-shelttransectof instrumentsis
shavnin detailin Figure2.

Oreggon Inlet (50 km to the south), with an orientationof
about340°T atthearraycenter(Figurel). Thebathymetry
inshoreof the 20-misobathis approximatelyhomogeneous
along-shelbnscalesf marny km. Offshoreof the20-miso-
baththe comple ridge andswale bathymetryariesseveral
metersvertically over horizontalscalesf afew km (Figure
2). The seafloor slopesrelatively steeply(0.01) from the
4-m to the 13-misobathand more gently (0.002)from the
13-mto the 20-misobath.Offshoreof the 20-misobaththe
sedfloor slopeis small(0.0002)overcross-shelécaledarge
comparedvith theridgeandswale features.

Two rigid towers(in 4 and 8 m water depth)andthree
surface/subsugcemooringpairs(in 13,21, and26 m wa-
ter depth)weredeplogyedalonga 16-kmcross-shelfransect
(Figure2). ThetowerssupportedMarsh-McBirng electro-
magneticcurrentmetersandfast-responsthermistorssam-
pledat2 Hz, with verticalspacing®f aboutl morless.The
mooringssupportedvectorMeasuringCurrentMetersthat
measurehorizontal currentsand temperatureand SeaBird
SeaCA's that measuretemperatureand conductvity, all
with sampleratesof 4 min. Verticalseparationfor thesein-
strumentsverel to 5 m (Figure2). Two SeaCA swerealso
deployed1 and4 m aborethebottomon a piling of the FRF
pier in about8-m depth. Setrapressuresensorssamplecat
1 or 2 Hz to measuresurfacegravity waves,weredeployed
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Figure 2. Cross-shelinstrumentiransectalongthe central
line. Thick curve is the bathymetry(depthrelative to mean
sealevel).

aboutl m above the seafloor neareachmooringor tower,
andalsoin 33-m depth(about30-km offshore, Figure 2).
The FRF maintainsa wave-directionalarray of 15 pressure
sensorsn 8 m depthextendingabout200m along-shelfand
60 m cross-shelaindsampledat 2 Hz [Long, 1996]. Wind
velocity was measured.5 m above the seasurfaceat the
21-msite (samplerate 7.5 min) and 19.5 m above the sea
surfaceonthe FRF pier.

Along-shelf pressuregradientswere estimatedfrom an
arrayof eight SeaBIRDSeaGaugethateachmeasureres-
sure,temperatureand conductvity. The SeaGaugewere
deployed about1l m above the bottom, with five alongthe
5-misobathandthreealongthe 21-misobath,in bothcases
spanninganalong-shelidistanceof about60 km (Figurel).
Additionally, at the northernand southern21-m sites,Sea-
CATs weremountedl m below the seasurfaceon surface
buoys. Along-shelfarrayinstrumentsveresampledevery 4
minutes. Bottom pressurevas averagedover the 4 minute
sampleinterval. Cross-shelpressurgyradientson the array
centerline wereestimatedusingthe SeaGaugesn the 5-m
and21-misobathsandthe 1 or 2 Hz samplingSetrapres-
suregauge®nthell-m,26-mand33-misobathgAppendix
A.l).

The instrumentatiorwas deployed during late July and
early August and recovered either at the end of October
or in early December1994. The 8-m tower and the 13-
m surfacemooring both failed aboutOctober10, during a
strongNor’easter The 21-m surfacemooringfailed during

aNor'easteron Septembe#, cameashorewasrefurbished,
andredeplyedon October4. Boththe21-mand26-msur
facemooringsfailed during HurricaneGordon(November
16) and cameashore. The instrumentatiorand datawere
recovered after thesefailures. Time seriesfrom the 4-m
and8-m siteshave gapsowing to maintenanceintermittent
problemswith individualinstrumentsanda severelightning
strikein early August.

All time serieg(with the exceptionof surfacewave data)
wereblock-areragedo hourly valuescenterecn the hour
Thefocusis on subtidaldynamicssotime serieswerelow-
passfiltered (half-power point 38 hours)unlessnotedoth-
erwise. All vectortime serieswererotatedto a coordinate
systembasedon the coastlineorientation(Figure 1), with
thealong-shelfcoordinatey positive toward 340°T, andthe
cross-sheltoordinatez positive offshore. Obvious biases
anddrifts in someconductvity time serieswereidentified
and correctedby comparisonswith adjacentmooredcon-
ductiity cells and shipboardCTD data obtainednearthe
moorings[Alessi et al., 1996; Waldorf et al., 1995,1996].
Data were discardedfrom nearbottom conductvity cells
that drifted substantiallyin late October presumablybe-
causeof fouling by suspendedediment.Salinity andden-
sity wereestimatedisingthetemperatur@andcorrectecton-
ductivity [Fofonoff and Millard, 1983]. Pressurdime series
from sensorgnountedon anchorgwaterdepthggreatertthan
8 m) sometimesshowv positive shifts of 1 - 30 mb during
storms presumablywing to scouringandsettlingof thean-
chors. Anchor shifts greaterthan1 mb wereidentifiedand
removed by comparisorwith time seriesfrom other near
bottompressuresensorgrigidly mountedon jetted pipesin
shallaver water)thatdid not shift. A moredetaileddescrip-
tion of datareturnandinitial processingincluding correc-
tion of conductvity time seriesandremoval of anchorshifts
from pressurdime seriesjs givenin Alessi et al. [1996].

2.2. Overview of Observations

Thedominantime scaleof wind variability is afew days,
associategrimarily with the passagef cold fronts[Austin,
1998]. Comparisorof windsfrom the FRF pier (8-mdepth),
the 21-m site, andseveral NDBC buoys in the region indi-
catethatsubtidalwindsdid not vary substantiallyacrosghe
16 km cross-sheléxtentof the studyregion duringthefield
program(AppendixA.2). Wind directionsaretypically 45°
to the coast,eitherpoleward (upwelling favorable)and off-
shore or equatorvard(downwellingfavorable)andonshore.
Thestrongestvind stresse§AppendixA.1) wereassociated
with Nor'eastergdownwelling favorable)(Figure 3). Sig-
nificant wave heights H;, at the 8-m wave array ranged
from 0.2to 4 m (Figure3) andarecorrelatedwvith thewind
stressnagnitude Hourly averagedvave directionsatthear-



LENTZ ETAL.: MOMENTUM BALANCES ON THE NORTH CAROLINA INNER SHELF 4

ray rangedbetweent-50° and—50° from normallyincident,
i.e. wave crestgparallelto thecoast.

Along-shelfcurrentvarianceovertime scalefrom hours
to weeksis dominatedby subtidalvariability. At all five
sites thecorrelationbetweersubtidalalong-shelturrentsat
differentlevelsin thewatercolumnis greateithan0.75(the
95%confidencdevel for acorrelationsignificantlydifferent
from zerois 0.45assuminga decorrelatiortime scaleof 3
daysand60-daylongtime series).Subtidalalong-shelicur-
rentstendto decreasdy roughly a factorof two from near
the surfaceto nearthe bottom. The muchwealer subtidal
cross-shelturrentsu arenot well correlatedover the wa-
ter columnat ary site, andare oftenin oppositedirections
nearthe surfaceandbottom. Depth-aeragedand subtidal
(eg. low-passfiltered, AppendixA.1) currentsare consid-
eredhereunlessotherwisenoted.

Themean depth-aeragedalong-shelflow @ is equator
wardatall five sites;9 cm/satthe 13-msiteand4-5 cm/sat
the4-m and26-msites(Table1). Althoughthe datado not
spanthe sametime period (Figure 3), the cross-shelbtruc-
turefor a shortercommontime periodis similar.

The principal axes of the depth-aeragedcurrentsare
along-shelfto the accurag of the measurementgx 5°)
with standarddeviationsof 13-20cm/s(Table1). Correla-
tionsbetweerdepth-aeragedilong-shelturrentaneasured
atthefive cross-shelitesrangefrom 0.64to 0.94. In con-
trastto the depth-aeragedalong-shelfflow, boththe means
and standarddeviations of the depth-aeragedcross-shelf
flow @ aresmallrelative to theaccurag of the currentmea-
surement$2-3 cm/s)[Beardsley, 1987;Guza et al., 1988].
Depth-aeragedcross-shelfcurrentsat different moorings
aregenerallynotcorrelatedconsistentvith errordominated
measuremengnd/orunresohedspatialvariationof the cur-
rent. In eithercase,estimatesof termsin the momentum
balancesassociatedvith @ mustbe interpretedcautiously
Thoughafew cm/sor less, i maystill beimportantfor cross-
shelfexchangebecauseheinnershelfregionis sonarrow.

The vertical structureof temperatureavolved dramati-
cally during the study (Figure 4a). In August,23°C near
surfacewater and deeperl 7°C water were separatedy a
strongthermoclinecenterecabout10 m below the surface.
Wind-drivenupwelling (downwelling) of thethermoclinen
Augustresultedin large cross-shelttemperaturegradients
onshoreof the 26-m site asthe thermoclineshoaled(deep-
ened)andformeda surface(bottom)front. The watercol-
umnwasvertically mixed at leastasfar offshoreasthe 26-
m site in responsdo strongwinds from the northeastin
early September A strongthermoclinedid not redevelop
andtemperaturalifferencesacrossthe water column often
weremuchlessthan2°C from SeptembethroughNovem-
ber

Despitethe strongthermoclinein August, both vertical
(Figure4) andcross-shelflensitygradientsveredominated
by salinity variations. The primary sourceof salinity vari-
ability wasnarraw, shallov plumesof relatively freshwater
presumabljrom ChesapeakBay[Rennieet al., 1999]. The
ChesapeakBay plumeflowedinto the studyregion gener
ally duringdownwelling favorablewinds andwastypically
confinedinshoreof the 21-misobathuntil it wassweptoff-
shoreby upwelling favorablewinds. Whenthe Chesapeak
Bayplumewasnotpresentsalinitiesgenerallyincreaseavith
depthanddistanceoffshore,consistenwith historicaldata
[Boicourt, 1973]. Vertical salinity (and hencedensity)gra-
dientstendedto be large during August and small during
Octobemwhentherewasstrongwind andwave forcing (Fig-
ure3).

3. Momentum Balances

The depth-aeragednomentumequationsassumingy-
drostaticflow andsmall sealevel variationscomparedvith
thewaterdepth,are

- 0 0
6_u + 19 u?dz + i / uvdz — fo
h oy —h

(9t h/am —h
10P 75 gbe 1 9S..
= oo toh ok poh e Y
v 10 [° 10 [°, 3
% + —ham/_huvdz+—h6‘y _hv dz + fu
sy by
_ _lop v _mv 1 05y @)
Po 6y poh poh poh or

where(u, v) arethecross-shelfz) andalong-shelf(y) sub-
tidal componentsof velocity, (@,9) are the correspond-
ing depth-aeragedvelocities, z is heightaboe meansea
level, h is the waterdepth, f = 8.59 x 1072 s7! is the
Coriolis parameterp, = 1023 kg/m? is a referenceden-
sity, (0P/0x,0P/0dy) isthedepth-aeragedorizontalpres-
suregradient,g = 9.81 m/s? is gravitational acceleration,
(75, %) is thewind stress(r%®, 7%%) is the bottomstress,
andsS,, andS;, arewave radiationstresseslLateralmixing
processesntime scaleshortetthansubtidaimaybesignifi-
cant,especiallyin thesurfzone butarenotincludedbecause
they could not be estimatedaccuratelyfrom the obsera-
tions. Along-shelfgradientsn the surf zoneradiationstress
andpressurdields at relatively shortspatialscaleqe.g. as-
sociatedvith localalong-shelbathymetriosariations)could
not be estimated.Supportfor neglectingalong-shelfvaria-
tions in the along-shelfmomentumbalance(2) inshoreof
the8-misobathis providedby Feddersen et al. [1998].
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Figure 3. Time seriesof the along-shelfwind stresgnegative is equatorvard), significantwave heightin 8 m waterdepth,
andthe subtidaldepth-aeragedalong-shelfcurrentat the five mooring sites. Offshoredistancesof mooring sitesarein
parentheses.
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Mean PrincipalAxes
Site 4 0 Major Minor Orientationdeg Days
4m 2 4 18 6 4° 79
8m 1 -7 20 2 -1° 61
13m -1 -9 19 2 -4° 66
21m -1 -8 18 2 -3° 69
26m -2 -5 13 2 2° 93

Table 1. Statisticsof depth-aeragedturrentgcm/s). Orientationsarerelative to thealong-sheldirection340°T. Time series

spandifferenttime periods(seeFigure3).
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Figure4. Timeseriesof (a) temperature(b) salinity, and(c)
oy for depthsbelaw the surfaceof 2 m, 14 m, and24.5m at
the26-msite.

Thedepth-aeragedoressurgradient(obtainedby verti-
cally integratingthe hydrostaticequation)includessurface
pressureP® anddensityp contributions

° ap z

oP _ opP°
dr Oz

®3)

with acorrespondingquatiorfor 9P/dy. 0 P* /0z includes
contritutionsfrom the seasurfaceslopeandtheatmospheric
pressuregradientand will be referredto asthe barotropic
pressurgradient.Thesecondermontheright-handsideof
(3), the densitycontribution to the depth-aeragedoressure
gradientwill bereferredto asthebaroclinicpressuregyradi-
ent. Assuminghydrostatidlow, the nearsurfacepressuren
(3) may be expressedn termsof nearbottompressureP?
anddensity

0
p? =pb —/ pgdz. (4)
—h

The termsin (1-3) are estimatedat someor all of the
five mooring sites. Cross-shelfgradientsare estimatedas
finite differencescenteredon the mooring sites. An alter
nateapproachestimatingermsin controlvolumesbounded
by adjacentmoorings,yields similar results. The nonlin-
eartermson the left-handside of (1) and(2) could not be
estimatedaccuratelyat the 4-m and 8-m sitesbecausdhe
wave heightcanbe a significantfraction of the waterdepth
andthewatercolumnabove thewave troughlevel (whereu
is onshore)was not sampled. Crudeestimatesuggesthe
nonlineartermsat the deepersiteswere small. The non-
linear termsare not consideredurther Estimationof the
othertermsis describedn AppendixA.1 anduncertainties
in someestimatesarediscussedn AppendixA.2. Bottom
stresds estimatedusingalineardraglaw

(wa’ Tby) = por(uba Ub)

®)

wherer = 5 x 10~* m/s basedon previous mid-shelfob-

senations[e.g. Lentz and Winant, 1986]and (up, vp) is the
velocity 0.5to 1.5m above the bottom. Bottom stressesti-

matedrom (5) aresimilarto log-profileestimatesisingbot-

tom tripod measurementat the 21-m site (AppendixA.3),

suggestinga constantr providesreasonabldottom stress
estimatesat this site. However, the along-shelfmomentum
balancediscussedn Section3.1 implies r is substantially
largerin thesurfzone.
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Thetime-averageoverthedeploymentperiodof termsin
the cross-andalong-shelimomentunbalancegithercould
not be estimatede.g. meanpressurgyradients)r aresmall
comparedwith the fluctuationsin thosetermsand are not
consideredurther.

3.1. Along-shelf Momentum Balance

At the4-m site, time seriesof thealong-shelfwind (757)
andbottomstresse¢r® from (5)) are similar (Figure 5a).
Exceptionsoccur during portions of October 14-15 and
Septembe22 when the along-shelfwind and along-shelf
currentareopposede.g. 7°¥ and7®¥ have oppositesigns
in Figure5a, andin Figure8a discussedelon). At these
times, the wave radiationstressgradientopposedhe wind
stressthe4-m sitewasin the surf zone,andthe 4-m along-
shelfcurrentwasin thedirectionof thewave radiationstress
gradientindicatingthe dominantdriving force wastheradi-
ation stressgradientdsS,, /0x resultingfrom obliquely in-
cidentbreakingwaves(Figure5b). To examinewherewind
or wavesdominatehealong-shelforcingit is corvenientto
catgyorize eachsite (for eachhourly time period) aseither
seavardsof, or in, the surf zone,eventhoughthe demarca-
tion betweenthe surf zoneandthe inner shelfis not sharp.
For simplicity, a siteis consideredeavardsof thesurfzone
if Hgg/h < 0.33, correspondingo breakingof lessthan
about10%of thewaves| Thornton and Guza, 1984]. Surface
wave heightsat eachsitewereestimatedisinga nearbybot-
tom pressuregaugeandlinear theory Using this criterion,
the 4-m sitewasin the surf zoneon August23, September
3-6,19, 22, October3-4,and10-20. The 4-m siteis within
the surf zonewhendS,, /0z is large (Figure 5b) andalso
when Hy;, is large, but the wave directionis closeto nor
mally incidentso 85, /0z (A3) is small. The 8-m tower
wasin thesurf zonefor afew hourson Septembe#d and22.
The 21-mand 26-m siteswere never in the surf zone,and
the 8-m tower and 13-m surfacemooringfailed during the
large wavesin mid October More complicatedexpressions
for definingthe offshoreextent of the surf zone[e.g. Bat-
tjes and Sive, 1985]yield similar estimatesandthe results
belon do notdepenceritically onthis definition.

Whenthe 4-m site is in the surf zonethe standardde-
viation of (poh)‘lasxy/ax is 1-2 orders of magnitude
larger than the standarddeviations of other termsin the
along-shelfmomentunbalancgTable2, Figure5). To bal-
ancedsS,,/0x with the bottom stress,the linear drag co-
efficient r for the subtidalflow in the surf zone must be
r = 5x 1072 m/s, 10timeslargerthanthenominalvalueof
r (Figure6). Thelinear dragcoeficient couldincreasebe-
causebreakingwavestransfermomentumeffectively to the
bottom, or becausebottom roughnessncreasesnside the
surf zone[Garcez-Faria et al., 1998]. Theincreasein the

Site 5 fi 5% nh ni peos
4m 02 02 03 09 1.2 0.1(12.9)
gm 03 01 - 08 07 0.1(0.1)
13m 03 02 - 04 04 00
21'm 02 02 03 04 03 0.0
26m 02 02 - 03 02 0.0

Table 2. Standardieviationsof termsin thealong-shelino-
mentumbalancg2). Statisticsfor the4-m and8-m sitesare
for periodswhenthesesitesare seavardsof the surf zone.
Thevaluesin parenthesefor (p,h) 183, /0z includeall
periods.Unitsare10~° m/s?.

drag coeficient in the surf zoneis qualitatvely consistent
with resultsof a more detailedexaminationof the along-
shelfmomentunbalanceonshoreof the 8-msiteusingaddi-
tional obsenations a cross-shelintegrationthatreduceshe
effectsof lateralmixing on the estimateddrag coeficients,
anda quadraticdragformulationthatincludesthe effect of
surfacewaveson the meanbottomstresq Feddersen et al.,
1998]. Seavardof thesurfzonetheestimatedS,, /0x term
is small(Table2).

TheestimatedCoriolis force f4 is relatively smallat the
4-m and 8-m sites,but similar to the othertermsat the 21-
m and26-msites(Table2). However, f4 will be neglected
in subsequerdinalysishecausestimatef fa aresmaller
than the estimateduncertaintie Appendix A.2), and un-
correlatedbetweersites. Furthermore f4 is not correlated
(range0.09to 0.37) with the the sum of the acceleration,
pressureggradient,and surfaceandbottomstressesin con-
trast, the acceleratiorterm, which hassimilar magnitudes,
is correlatedrange0.55to 0.80)with the sumof the Corio-
lis andsurfaceandbottomstresgermsatall but the4-msite
(correlation0.36). Theseresultsareconsistentvith previous
studieqd Allen and Smith, 1981;Lentzand Wnant, 1986;Pet-
tigrew, 1981;Lentz, 1994] andsuggestf is not estimated
accuratelyfrom theobsenations.

Whenthe 4-m site is offshoreof the surf zonethe stan-
darddeviationsof the surfacewind andbottomstressesre
atleastthreetimesaslarge asthe otherterms(Table2) and
correlatedwith a regressioncoeficient near1.0 (Table 3).
Time seriesof surfaceand bottom stressare correlatedat
all sites(Table3). However, standarddeviationsof 94 /0t
anddP/dy becomdncreasinglysignificantasthe depthin-
creaseandr®? /(p,h) andr¥ /(p,h) decreaséTable2). At
the 8-m site the standarddeviation of the along-shelfflow
acceleratiorandpressurgradient(measureclongthe 5-m
isobath)are similar in magnitude,but are only abouthalf
the magnitudeof the surfaceand bottom stressterms(Ta-
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Figureb5. Timeseriequnfilteredhourlyvalues)of largesttermsin thealong-shelinomentunbalanceatthe4-msite, (a) wind
7% [ p,h andbottom 7t /p,h stressesand (b) radiationstressgradient—(p,h) ~*8S,, /0x. When|dS,, /0z| is relatively
largethesiteis within the surfzone.Notetheverticalscalesn (a) and(b) differ.

ble 2). The §P/dy term alongthe 21-m isobath,and the
acceleratiorand stresstermsat the 13-m, 21-m, and 26-m
sitesareall of similar magnitudgTable2, Figure7). When
the along-shelfpressuregradientis largest,the surfaceand
bottomstressesliffer substantiallmid August,September
5,0ctoberl6in Figure7). Thesalinityobsenationsindicate
the positive P/ 9y eventsin Augustthatdrive a southeast-
ward flow are associatedvith the ChesapeakBay plume
[Rennie et al., 1999]. The along-shelfmomentumbalance
approximatelyclosesat eachsite. The sumof theresponse
terms(d5/8t + (poh) ™ "7%¥) is well correlatedvith thesum
of the two forcing terms(—p,~18P/dy + (p.h) ' 7°¥) at
eachsite,andtheregressiorcoeficientsareaboutl.0 (Fig-
ure 8, Table3). Furthermoreat eachsitethesecorrelations
arehigherthanthecorrelationdbetweerthesurfaceandbot-
tom stressalone.

Alongthe5-misobaththestandardieviationof thebarotropic

pressurgradientis aboutfive timeslargerthanthe standard
deviation of the barocliniccomponent. In contrast,along
the 21-m isobaththe standarddeviation of the barotropic
pressuregradientis abouttwice the barocliniccomponent
andthebarocliniccomponentendsto opposehebarotropic
componentThebaroclinicpressurgyradientresultsprimar
ily from salinity variationsandis substantiabvenwhenthe
watercolumnis notstratified(e.g. earlyOctober).Thesees-
timatesindicatethat, at leastalongthe 21-misobathat this
site, densityestimatesrecritical for accurateestimationof
along-shelforessurgyradients.



LENTZ ETAL.: MOMENTUM BALANCES ON THE NORTH CAROLINA INNER SHELF 9

7% [(poh) vs 7%/ (poh) R wvs F
Site a b Correlation a b Correlation
4-m  0.94:0.46 0.08+0.41 0.69 0.98+0.36 0.01+0.38 0.82
8-m 0.71£0.25 -0.13+0.20 0.78 0.86+0.20 -0.02+0.18 0.89
13-m 0.63+0.18 -0.06+0.10 0.80 0.88+0.17 0.02+0.10 0.91
21-m 0.54+0.16 0.01+0.06 0.72 0.75+0.17 0.08+0.08 0.88
26-m 0.56+0.17 0.01+0.05 0.73 0.78+0.15 0.08+0.05 0.87

Table 3. Resultsof linear regressioranalysisof forcing, F' = (—9P/0y)/p, + 7Y /(poh), with responseR = 09/0t +
7% /(poh), in along-shelfmomentumbalanceof the form R = aF + b. Resultsof regressionbetweenr®¥ /(p,h) and
7% /(p,h) arealsogiven. Analysisincludesonly periodswhensitesare seavardsof the surf zone. All correlationsare
differentfrom zeroatthe 95%confidencdevel and95%confidencdor a andb areshawn. Unitsare10~°m/s? for intercepts.

Site 2 fy Lop

sz bz

ot po Oz
4-m 0.0 11 -
8-m 0.0 1.7 -
13-m 00 16 21
2l'm 00 14 138
26-m 0.1 11 14

T T 1 0Sza
poh poh poh Oz
09 04 9.6(2215)
08 02 36 (35)
04 0.1 1.5
0.3 0.1 0.2
0.3 0.1 0.6

Table 4. Standardleviationsof termsin the cross-shelmomenturmbalance(1). Statisticsfor the 4-m and8-m sitesarefor
periodswhenthesesitesare seavardsof the surfzone. Thevaluesin parenthesefor (poh_l)aSm/aar includeall periods.

Unitsare10~5m/s2.

3.2. Cross-shelf Momentum Balance

In thesurfzonethestandardleviationof (p,h) —lasm/a;c
is several ordersof magnitudelarger than standarddevia-
tions of the othertermsin the cross-shelinomentumbal-
ance(Table4). Presumablyss,, /0z is balancedy across-
shelfpressurgradientd P/ 0z, consistenwith wave-driven
setup. This balancecannotbe confirmedbecauseressure
gradientswere not measuredccuratelyin this region (Ap-
pendixA.2). However, analysisof a 3.5 yearlong time se-
ries (including the period of this study)of pressuren 2 m
and8 m depthat the Duck site indicatesthatlarge negative
0S54 /0x acrosghesurfzonearebalancedy 0P/ 0z, con-
sistentwith wave setup[Lentz and Raubenheimer, 1999].

Whenthe 4-m siteis offshoreof the surf zone,the stan-
dard deviation of (poh)’laSm/ax is an order of magni-
tude smallerthanwhenthe site is within the surf zone,but
still an order of magnitudelarger thanthe standarddevia-
tions of the otherestimatederms, suggestinghat 9P/0x
is dominatedby (unmeasuredyvave setdavn. At the 8-
m site the magnitudeof (poh)’lasm/@x is a factor of
threelarger than f¢ and the cross-shelfwind stressterm
(poh) "' 7% (Table4 andFigure9). The Coriolis force f&
andthe cross-shelfvind stressr** arepositively correlated

(Figure9a). Thestrongestvinds arefrom the northeasaind
driveanequatorvardalong-shelturrentwith anonshoredi-
rectedCoriolis force thatreinforcesthe onshorecomponent
of the wind stressso that the largestmagnitudesf f¢ and
(poh)_lrsz arenggativeandoccurconcurrently(Figure9a).
However, the 8-m site is usually seavardsof the surf zone
andthewave-drivensetdavn (05, / Oz is negative) opposes
andis partially balancedby the wind and Coriolis forced
setupduring Nor'easters(Figure 9b). Pressuregradients
_poflap/am = _(poh)_lasmz/aw + fo+ (poh)_lT”
duringtheseeventsshouldbe smallerthanthosefrom wave
setdavn alone,andshouldhave signoppositeto thosefrom
fo+ (poh)*lr‘” alone. Again, accurateestimatef the
cross-shelpressurgradientareneededo confirmthis bal-
ance.InsidethesurfzonedsS,, /0x is positve,andduringa
Nor’'eastemwave setupis reinforcedby the cross-shelfvind
stressandCaoriolis force. However, the 85, /0 termis so
muchlargerthanthe othertermsthatthey arelik ely negligi-
ble for mostsurfzoneconditions(seeSectior4.2).

The cross-shelpressureggradiento P/dx was measured
at the 13-m site, andis balancedy (poh)—lasm/ax and
f9. Thecross-shelfvind stresserm % (p,h) ™" is reduced
by about40% at the 13-m site relative to the 8-m site due
to the increasan waterdepth(Figure10a, Table4). Asin
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4-m site

o
T

™ph (107 mis?)

-0.6

-0.8F
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—(6Sxy/0x)/pnh (10" m/s©)

Figure6. Hourly valuesof along-shelktresses® / p,h ver-
sus—(p,h)~1dS,,/dx whenthe4-msiteis within the surf
zone. Thelinearrelationshipandthe slopeof 0.1 suggests
thelineardragcoeficientr within the surfzoneis 10times
largerthanseavardsof the surfzone.

Correlation Regression

Site Coeficient Coeficient Days
13-m 0.63 0.82+0.38 63
t13-m 0.80 134+ 041 48
21-m 0.92 116+ 0.22 50
26-m 0.93 119+ 0.15 78

Table 5. Regressionanalysisof fo with (0P/dz)/p,.
termsin cross-shelfgeostrophichalance. All correlations
aressignificantly differentfrom zero at the 95% confidence
level and 95% confidenceintervals for regressioncoefi-
cientsareshown.  Regressioranalysisof fi — 25== with

(9P/ )/ po.

8-m depth, —(poh) " 8S,,/0z and fi + (po,h)” 5% are
opposeduringthe strongesevents,andin 13-mdepthcan-
cellationis nearlycompletein somecasege.qg. Septembes,
October4 andOctoberl0-11in Figure10b). The obsened
pressurgradientsarequalitatively consistentvith this can-
cellation (Figure 10c). The Coriolis force fo, 0S;, /0,
and 0P/0x are mutually correlated. Linear regressionof
fo and p, 10P/0z yields a significantcorrelation(0.63)
anda regressioncoeficient of 0.82 (Table5), suggestinga
geostrophidbalance. However, p, 1dP/dz is bettercor
related(0.80) with (f& — (p.h) '8S,,/0z) thanwith f&
alone.Theseresults(Tables4 and5, andFigures9 and10)

suggestthat 8.5, /0x is importantin the cross-shelimo-
mentumbalanceoffshoreof the surf zone,in depthsat least
asgreatas13m.

At the 21-m and 26-m sites f& and p,~10P/0x are
highly correlatedwith linearregressiorcoeficientsnearone
(Table 5) and are larger than the other terms (Table 4).
The cross-shelinomentumbalanceis thus consistenwith
geostrophyFigurell). Thestandardieviationsof 5% / po h
and(poh)’lasm/é‘x arelessthanl/5of foin 21-mdepth
(Table4), andthe correlationbetweenf@ andp, ~*0P/0x
is not alteredsignificantly by including eitherin the bal-
ance. At the 26-m site, the standarddeviation of the esti-
mated(p,h) "' 85,4, /O is larger (about1/2 of f7) thanat
the 21-m site becausehe local bottomslopeis steepei(h,
in (15), discussedelon). However, the correlationis not
increasedvy including S, /0xz, possiblybecauseof the
disparityin the spatialscalesusedto estimated S, /0x and
OP/0x. Thelocal bottomslopein 26 m depthis usedto
estimated S, / 0z, but thelocal slopeis largerandof differ-
entsignthanthe averagebottomslopeover the cross-shelf
separatiomf thepressurggaugegatthe5-mand33-msites)
usedto estimated P/0x atthe 26-msite (Figure?2).

Thebarocliniccomponenbf thecross-shelpressurgra-
dient often opposeghe barotropiccomponentat the 13-m
and 21-m sites where bottom pressuregradientand den-
sity gradientestimatescould be made(Figure 12). Corre-
lationsbetweenthe barotropicandbaroclinic pressuregra-
dientsare -0.82 at both sites. The standarddeviationsin-
dicatethat the depth-aeragedbaroclinic pressuregradient
balance$0-45%of thebarotropicpressurgradient.Cross-
shelfdensitygradientgbaroclinicpressurgradients)n Oc-
tober when stratificationis relatively weak (Figure 4), are
similar in magnitudeto cross-shelflensitygradientdn Au-
gustwhenstratificationis relatively strong(Figure12).

Theimportanceof thebarocliniccontributionto thedepth-
averagecdtross-shelpressurgradientandthetendeng for a
geostrophidalancesuggestsheverticalshearin thealong-
shelfvelocitymaybein thermalwind balanceovertheinner
shelf, 5 5
v g op

0z pofOx’ ©)

Although (6) hasbeenshavn to hold in the middle of the
watercolumnatmid shelf[Winant et al., 1987],it is notob-
viousthatthis balancewill hold overtheshallav innershelf
whereno partof thewatercolumnis distantfrom thesurface

andbottom. The mooredarrayobsenationsprovide five lo-
cationswherethetwo termsin thisbalancecanbecompared
(Table6). In eachcasePp/ 0z is estimatedasthedifference
betweendensitiesat the samedepthon adjacentmoorings
divided by the mooringseparation(Densityat 4.4 m depth
for the 13-msitewascomputedoy linearly interpolatingbe-




LENTZ ETAL.: MOMENTUM BALANCES ON THE NORTH CAROLINA INNER SHELF 11

13-m site

3 2)0v/otand fu
oL

1+

107% m/s?
o

-1+

-2+

-3

— vt J
- fu
o p b M o d o
T TR
b) ©™/p,h and ™/p,h
™/p.,h

107° m/s?
o

-1+ ! v

-3

c) (aPiay)lp,
3 T T T

N STy, |

107° m/s?
o =

:

[~

-1+

o

| | | |
12 17 22 27 1
Aug Sep

!
6 11 16 21 26 1

L
6 11 16 21 26 31
Oct

Figure 7. Time seriesof largesttermsin the along-shelfmomentumbalanceat the 13-m site, (a) acceleratiords /0t and
Coriolis force f, (b) wind stressr®¥ / p,h andbottomstressr®? /p,h, and(c) pressuregradientp, 10 P/dy (alongthe 5-m

isobath seeAppendixA.1).

tweenthe 1.5and7.6 m densitiesfFigure2.) Verticalshears
dv/0z, estimatedrom currentmetersvertically bracleting
the p/0x at both moorings,are substantialcorresponding
to along-shelfvelocity difference®f 15 - 40 cm/sacrosghe
watercolumn.

The vertical shearin the middle of the watercolumnis
approximatelyin thermalwind balancgTable6, Figurel13).
Standardieviationsof thetwo termsin (6) areroughlyequal
at eachlocation and increasetoward the coast, consistent
with strongcross-shelidensitygradientsin the vicinity of
the8-mand13-msitesowing to the ChesapeakBay plume
and,during August,to upwelling/davnwelling of the pycn-
ocline. Thetwo termsin (6) arecorrelatedat all sites. In-
accuraciesn the interpolationof densityat the 13-m site
may contributeto thelower correlationdor the 8-mand13-
m pair. The large separatiorbetweenthe 21-m and 26-m
sites(10 km) relative to the cross-shelscaleof the plume
(estimatedrom shipboardsureys) probablycontributesto

the lower correlationsfor this pair. Despitethe difficulties
of comparingvertical shearsestimatecat pairs of mooring
siteswith finite differenceestimatef the densitygradient
betweermooringsites,the obsenationsindicatethatmuch
of the subtidalvertical shearvariability is in thermalwind

balancen depthsasshallov as10m.

4. Discussion

The momentumbalancessuggesthreedistinct dynam-
ical regions: the surf zone,inner shelf, and mid shelf. In
the surf zone, forcing by wave-radiationstressgradients
dominatedothalong-shelfandcross-shelimomentunbal-
ances. Over the inner shelf, offshore of the surf zoneto
about the 13-m isobath, the along-shelfmomentumbal-
anceis primarily betweersurfacewind andbottomstresses,
with along-shelfpressuregradientsusually a smallercon-
tribution. The cross-shelfmomentumbalanceis between
cross-shelfpressuregradients wave-radiationstressgradi-
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Figure 9. Time seriesof largesttermsin the cross-shelinomentumbalanceat the 8-m site, (a) Coriolis force fo andwind
stressr*® / p,h and(b) radiationstressgradient(p,h) ~10S,,/0x and(fo + 7°% /p,h). Notethe vertical scalediffer in (a)

and(b).

ents,Coriolis forces,andto alesserextentcross-shelfvind
stressesAt the mid shelf 21-m and 26-m sites,the along-
shelfbalances betweerwind stressesalong-shelfpressure
gradients,bottom stressesand accelerations. The cross-
shelf momentumbalanceis geostrophic. Thesesimplified
momentumbalancesare usedhereto examinethe relation-
ship betweenthe forcing (winds, waves, and along-shelf
pressureggradients)and the responsgalong-shelfcurrents
and cross-shelfpressuregradients),and to derive simple
scalinggelevantto otherlocations.Thealong-shelpressure
gradientdP/dy is treatedas a forcing ratherthanasa re-
sponséecaus¢heobsenedd P/dy (alongboththe5-mand
21-misobaths)yrenot correlatedwith thelocal wind stress.
As indicatedin Section3.1, partof thevariability in 9P/dy
along the 5-m isobathis associatedvith the Chesapeak
Bay plume events[Rennie et al., 1999], and someof the
variability is likely alsoa responseo the large-scalewind
field [Wang, 1979;Noble and Butman, 1979; Yankovsky and
Garvine, 1998]. In eithercase,0P/dy is driven by large

scaleprocessenotincludedin the presenforcing terms.

4.1. Along-shelf velocity response

Thedepth-aeragedilong-shelmomentunbalancg?2)is
recasthereto relatethe depth-aeragedcalong-shelfvelocity
to theforcing
_10p

po Oy

o6 | 17 Y
~

o0 , 10 1 8S,,
ot " h

poh poh dx

(@)

It hasbeenassumedhat: turbulentReynold’s stressespon-
linearadwectiveterms,andtheCoriolisterm f4 (seeSection
3.1) aresmall; a linear draglaw ((5), AppendixA.3) pro-
videsanaccurateestimateof the bottomstress((p,h) ™' 7%
in (2)); andthe nearbottom along-shelfvelocity vy is ap-
proximatelyequalto, or at leastwell correlatedwith, the
depth-aeragedalong-shelfvelocity . At eachsite v, and
0 arewell correlated0.86to 0.99)andv; rangedrom 0.55
to 0.80 basedon a linearregressioranalysis.Giventhat v,
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Figure 10. Time seriesof largesttermsin the cross-shelfmomenturrbalanceat the 13-msite, (a) Coriolisforce fo andwind
stressr®® /p,h, (b) radiationstressgradient(p,h)~18S,./0z and(fo + 7°¢/p,h), and(c) pressuregradientp, ~10P/0x
and(fo + 7°% /poh — (poh) 1054, /0x). Correlationsandregressiorcoeficientsaregivenin Table5.

andd arewell correlatedhedifferencen magnitudemaybe
accountedor by adjustingr.

Integrating(7) in time yields[Lentzand Winant, 1986]

bro1oP T 1 88, (e—t!)
oo [(LOEL T L0 ey

to Po Oy ~ poh  poh Ox

_(t—to)

e T 8)

whereT; = h/r is africtional time scaleandd, = o(t =
t,). Basedon (7) or (8), two factorsdeterminehe character
of ¥ andits cross-shelstructure the relatve magnitudeof
the forcing termsandthe forcing time scalerelative to the
frictional time scaleTy. As notedabove, 8.S,,/0x domi-
natesthe along-shelfforcing in the surf zone. Seavard of
thesurfzone,0S,,/0z is smallandtherelatve importance
of 7°¥ /h anddP/dy depend®n their cross-shelbtructure.
In theabsencef cross-shelfariations 9 P/dy will become
increasinglymore importantrelative to 7°¥ /h asthe depth
increasege.g. Lentz and Winant, 1986],andthis is qualita-

tively true in the presentobsenations(comparethe cross-
shelfvariationof 7°¥ / b with thatof P/dy in Table2).

If the forcing varieson time scalesthat are long com-
paredwith T thentheresponsés basicallyfrictional. The
along-shelfflow is approximatelyin phasewith the forc-
ing and quasi-steadyin the sensethat the accelerations
are dynamicallynegligible. In this case,from (7), ip ~
Tt (—p, 0P8y + 75 [ poh + (poh) ™' 0S4y/0x). In con-
trast,if the forcing time scaleis shortcomparedo T then
theresponsédagsthe forcing andis wealer thanthe steady
response. The threeforcing terms (sampledhourly) have
decorrelatiortime scalesof 1 - 2 days. The resultsin Sec-
tion 3 suggesthatroughly

r=5x10"%m/s h < 3.0Hgy 9)
(within thesurfzone),
5x107*m/s h > 3.0Hqq (10)
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Mooring MetersBelow Standardeviations Correlation

Sites Surface £ 32 o Coeficient Days
8-13 4.4m 3.6 3.3 0.65 49
13-21 7.6m 2.5 2.5 0.89 31
13-21 12.7m 1.1 0.9 0.72 53
21-26 7.6m 0.9 1.1 0.62 65
21-26 12.7m 0.8 0.6 0.53 62

Table 6. Comparisorof termsin the thermalwind balance(6). Standarddeviation unitsare10-2s~!. All correlationsare

significantlydifferentfrom zeroatthe 95%confidencdevel.

26-m site
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Figure 11. Time seriesof largesttermsin the cross-shelf
momentumbalanceat the 26-m site, f& and p, *0P/dz.
Correlationsand regressioncoeficients between f& and
p, 10P/dz aregivenin Table5.
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Figure12. Time seriesof thebarotropicandbarocliniccon-
tributionsto the depth-aeragedcross-shelpressuregradi-
ent(see(3)) atthe 13-msite.

(seavardsof thesurfzone).

Within the surfzone,assuming: = 8 mor less, T} is 30
minutesor less,shortcomparedwith theforcing time scale
andconsistentvith previousobsenationsin whichsurfzone
flows respondedvithin a few hoursto changesn forcing
[Feddersenet al., 1998]. Seavardsof thesurfzone,h = 4 —
26 mand(10)impliesTy = 2— 14 hours.Thus,atmid shelf
Ty approacheshe forcing decorrelatiortime scaleandthe
flow responsenay detectablylag theforcing. The obsered
time lagsfor maximumcorrelationbetweersubtidalflow ¢
andforcing (—0P/dy+1%Y /h+h='8S,,/0z) are2 hr, 7 hr,
and9-11hr for the4-m, 8-m, anddeepessites,respectiely.
The increasein the magnitudeof the lags with increasing
waterdepthis consistentwith (7) and(9 and10).

Estimate®f ¢ p fromtheforcingweremadeusing(8) and
theprescriptiorfor  in (9 and10). Thefrictional time scale
T} in the surf zoneis shorterthanthe hourly samplerate,
thereforedp wassetequalto theforcingtimesT; whenthe
4-m or 8-m siteswerein the surf zone. Unfiltered hourly
time seriesof op and obsered ¢ for eachsite are similar
(Figure14). Root-mean-squargms) differencesare about
10 cm/sec,correlationsare 0.74to 0.86, andlinear regres-
sionslopegangefrom 0.92to 1.20.

Thedp estimateseproduceheobsenedcross-shelfari-
ationsin ¢. For example,on August20and23, strongalong-
shelf currentsaredrivenin partby an along-shelfpressure
gradientassociatedvith the ChesapeakBay plume (Sec-
tion 3.1). The obsened and predictedcurrentsare maxi-
mum at the 13-m site (about-40 cm/sand-70 cm/son 20
and 23 August, respectiely). Flows arewealer at the 21-
m and 26-m sitesbecausehe pressurgyradientassociated
with the plumedoesnot extendoffshoreto thesesites. The
pressurgradientis presenbnshoreof the 13-msite, but the
responsealecreaseasthe depthdecreasefrom 13-mto 4-
m becausehe pressuregradientbody force is balancecby
bottomstress(eg. riop ~ h OP/dy from (7)). Thees-
timatedvelocity op doesnot reproduces aswell during a
similar plumeeventaroundSeptembeR0, probablybecause
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Figure 13. Time seriesof thetermsin thethermalwind balancg6) (a) betweerthe8-mand13-msites(4.4m below surface)
and(b) betweerthe 13-mand21-msites(12.7m below surface).Correlationsaregivenin Table6.

the array doesnot resole cross-shelfvariationsin 9P/dy
duringthis event. Thedp estimatesisingthe bottomstress
formulation(9 and10) doesreproducehe flow reversalon
SeptembeR?2 (whends,, /0x opposeghe wind) between
the surf zone(¢ = +80 cm/sat the 4-m site) andtheinner
shelf (t = —50 cm/sat the 13-msite). The flow reversal
obsened betweenthe 4-m and 21-m siteson October14-
15is alsopredicted.The crudedragformulation(9 and10)
contributesto errorsin the magnitudeof ¥p in thetransition
region betweenthe surf zoneandthe inner shelf. Errorsin
thesignof op (e.g. atthe 8-m siteon 22 Septembewhere
op = +15 cm/sandd = —30 cm/s)may occur because
of inaccurateestimationof the small residualstresswhen
opposingstressegrom wave breakingandwind are about
equal.

Overall, thesecomparisonge.g. Figurel14) suggesthat
(8) estimated well, giventheforcingandtheprescription9
and10) for the bottomdragcoeficient. It is somavhatsur
prisingthatthelineardragformulation(9 and10) worksthis
well, givenits likely dependencen waves, bottomrough-
ness andstratification.To determinehesensitvity of o, to
variationsn r (seavardsof thesurfzone) thermsdifference
betweeny, andd wascomputedasa functionof  over the
rangel — 20 x 10~* m/s. Seavardof thesurfzone therms
erroris notsensitveto r betweer —6 x 10~*m/s. Therms
differenceis more sensitve to low valuesof r thanto high

values. Clearly, bottomstressremainsa poorly understood
aspecbf thesurfzoneandinnershelfdynamics.

4.2. Cross-shelf pressure gradient response

The cross-shelfpressuregradientbalancesvave, wind,
andCoriolis (associatedvith thealong-shelflow) forces
TSCE

OP = 1054,

gz = h 0z h
Over mid shelf the present(Section3.2) and previous re-
sults indicate that the cross-shelfbalance(11) is approxi-
mately geostrophic. However, asthe depthdecreaseshe
cross-shelfvind andradiationstresse®ecomemoreimpor-
tant. Thecross-shel§radientof thedepth-aeragegressure
may be estimatedrom (11) given cross-shelfdistributions
of depth,wave radiationstressS,, cross-shelfvind stress,
andthe along-shelfcurrents (which may be estimatedus-
ing (7) and(8), giventhe wave radiationstressS,,,, along-
shelfwind stressandalong-shelfpressureggradient).If, on
the inner shelf (seavard of the surf zone,wheredS,, /0z
is negligible), the wind stressis approximatelyequalto the
bottom stressin the along-shelfmomentumbalance(e.g.
b ~ 7% [(p, r) in (7), seeSection3.1) thenthe cross-shelf
pressuregradient(11) dependsonly on the wave radiation

+ pofO. (11)
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Figure 14. Time series(unfilteredhourly) of depth-aeragedalong-shelivelocitiesat eachsite. Redcurvesareobsenedd
andbluecurvesared, estimatedrom forcing using(8) and(9 and10). Theverticalscaleis differentfor the4-msite.
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stressS,, andthelocalwind stress

Or  h Oz h

5% f,rsy
+—.
T

(12)

To examinethe relatve magnitudeof the threetermson
theright-handsideof 12), considefirsttheratio of thecross-
shelfwind stresgo the Coriolisforceis

% [h 7 tan(¢)
frv/r fh

wherean along-shelfwind stressdirection correspondgo
¢ = 0. Thedepthh wherethe magnitudeof the two terms
areequalasafunctionof thewind stressorientation for mid
latitudes( f = 10~*s~!) andatypical dragcoeficientsea-
ward of the surf zone(r = 5 x 10~*m/s) are shavn in
Figurel5a.For windsoriented45° relative to the coastline,
asis often the caseat Duck, the cross-shelfvind stressis
abouthalf the Coriolisforcein 12-mdepthandthetermsare
approximatelyequalin 6-m depth(consistentvith obsera-
tions, Figuresl0aand9a). The cross-shelfvind stresswill
be relatvely moreimportantat lower latitudeor if thedrag
coeficientis larger.

Obsenationalstudiesconcludingthatthe cross-shelfmo-
mentumbalancds primarily geostrophi@reoftenin depths
greaterthan 20 m, anddo not considerthe contribution of
wave-driven set-davn associatedvith nonbreakingsurface
waves in variable depth. In the presentobsenationsthe
wave-radiationstressgradientsare at leastas large as the
cross-shelfwind stressand the Coriolis force in 0(10m)
depthseavardsof the surf zone(Figures9b and 10b). The
generalityof this resultis assesselly estimatingthe sizeof
h=18S,./0z relative to the Coriolis term f%¥ /r andthe
cross-shelfvind stress*® / h.

Assumingnormallyincidentwavesfor simplicity, thera-
diationstresgivenby (A4) is

_ 2cg 1
Sea = E (7 5)

wherethephasespeed: = w/k andthegroupvelocityc, =
0w/ 0k follow from thelinearwave dispersiorequation

(13)

(14)

w?h

wherew andk arethewave radianfrequeny andwavenum-
ber, respectiely. Enegy conseration (for the presentase
of nonbreakingvaves)yields

(Bey)oo pogHZ, sig

FE = =
Cq 16(tanh(kh) + kh sech?®(kh))
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Figure 15. (a) Depth where Coriolis force associated
with wind-driven along-shelfflow |f§| equalsthe cross-
shelf wind stress|75%|/p,h, as a function of wind direc-
tion (13). An along-shelfdirectedwind correspondgo
0°. (b) Depthwhere|f%| equalsthe radiation stressgra-
dient (p,h)~"0S,,/0z|, as a function of H3,  h, /7%
(16). (c) Depthwhere|r**| equals|0S,. /0|, asa func-
tion of lafg?ig’mizm/q-sz (17). Eachcurve in b) andc) corre-
spondgto the indicatedwave period. Termsestimatedvith
f=10"%"1r=5x10"*m/s, andp, = 1023 kg/m>.
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with H, ., the deepwatersignificantwave height. Substi-
tutioninto (14) yields

_ pogHzo,sigf(S)

Sy = 16 (15)

wheres = kh and

_1/2 4 ssech(s)csch(s)
fe) = tanh(s) + ssech®(s) -

Usingthedispersiorequation,s dependsn the nondimen-
sionaldepthw?h /g. Differentiationyields

108, _ 1 s  whhy (s)
O T I

(16)

where

coth(s)
s(tanh(s) 4+ ssech®(s))

q(s) = f'(s)

Theratio of the radiationstressermto the Coriolis termis
thus

1085, fTsy _ PoT Hs2ig,ooh$ 4
(ﬁ Oz >/( r )_ 16gf v © a(s)- (17)

Similar calculationsfor the ratio of 85,,/0z and r°*
yield

85971‘ sT __ Po H:igvoohz 2
Dor fpre = be Twee ) (19)
where
w2h "(s
pls) = gy = — L
g tanh(s) + ssech”(s)

The functionsqg andp dependelatively stronglyon w?h/g
(Figure 16). For example,in shallov waterp ~ h=5/2 and
q ~ h3/2. In contrast for wind stresseshat do not vary
in the cross-shelflirection,the cross-shelfvind stresgerm
752 /h variesash~! andthe Coriolis term f7%¥ /r is con-
stant. Theseratios ((17) and (18)) suggestwave radiation
stressewill dominatdn very shallov water evenwith non-
breakingwaves.

The depthwherethe ratio of the radiationstressto the
Coriolis term equalsunity (from (17)) is showvn in Fig-
ure15b,for mid latitudesandatypical valueof thedragco-
efficient(r = 5x107*m/s), asafunctionof H3, , h. /7%
for severalwaveperiods.At Duck, H, ., andr*¥ arecorre-
latedsuchthattheirratiois typically 0(20 — 40) m* /N. The
beachslopebetweerthe4-mand13-msitesis roughly0.01,
S0 HZ, ooha /7% ~ 0.2 — 0.4. Wave periodsare0(10s),

so the ratio (17) is unity in about15-20 m depth (Figure

T T T T T

10

10°

0 05 1 15 2 25 3
o’ h/g

Figure 16. Thefunctionsg (16) andp (18) versughenondi-

mensionatlepthw?h/g.

15b), qualitatively consistentwith the obsenation that the
terms are aboutequalin 13-m depth (Figure 10b). For
fixed H3, ,,h. /7%, the radiationstressterm is important
in deepematerasthesurfacewave period(andhencewave-
length)increasegFigure15b),reflectingthe dependencef
q onthenondimensionadlepth(Figure16).

At mid latitudes ,whenthe wind directionis not closeto
cross-shelflirected(e.g. whenthewind direction< 60° in
Figurel5a),thecross-shelfvind stressexceedghe Coriolis
termonly whenh < 10 m. However, the S, gradientterm
alsousuallyexceedghe Coriolistermin depthdessthan10
m (Figure15b)andthe S, gradienttermincreasesapidly
asthe depthdecreaseturther (Figure 16). Underthesecir-
cumstanceghe Coriolis force dominateson the mid-shelf,
the Coriolis and radiation stressterms are both important
on the inner shelf, andthe cross-shelfwind stressis never
a dominantterm. In the contrastingsituationof a cross-
shelf wind, the Coriolis term vanishesand the cross-shelf
wind stressis largerthanthe radiationstressterm offshore
(Figure 15c). The depthwherer** /h equalsthe radiation
stresgermdependon HZ, , h,/7° andthe wave period
((18) and Figure 15c¢). The wave radiationstressgradient
from an enegeticoceanswell (e.g. 15s periodwaveswith
Hyie o = 3 m) shoalingonamoderatelyslopingshelf(e.g.
h, = 0.005) will exceedthe force of a strongcross-shelf
wind stress(0.4 N/m?, 10 m wind speedl5 m/s) in less
than30 m waterdepth(Figure15c).

Theaboveresults(e.g. Figurel5bandi15c)suggesthat
0S4y /0x , 757 [h, and f°Y /r may be similar in magni-
tude seavards of the surf zone, in depthsof O(10-30m).
Within the surf zone, %% /h and f7°¥ /r arenegligible be-
causedS,,/0z is ordersof magnituddargerthanseavard
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surfzone inner shelf

mid shelf
ANANC

Figure 17. Summaryschematiof the dominantcross-shelf
andalong-shelfmomentunmbalancesn the surfzone,inner
shelf,andmid shelfregions.Dashedinesindicatetransition
zonesvheremomentunbalancesnaybemorecomplicated.

of thesurfzone[Longuet-Higginsand Sewart, 1964;Bowen
et al., 1968]. Although,dS,, /0= wasneglectedoffshoreof
thesurfzonel?2),it candrive substantiahlong-shelturrents
in thesurfzone.Hence,n thesurfzone(11) reducego

OP | 108z [0Sy
O0x  h Oz
using(7) with a surf zonebalancebetweernradiationstress
gradientsaandbottomfriction. Theratio of thetwo termson
theright-handsideof (19) is
(f/r)0Sey/0x  fh  sin(26)

08, /00 /h ~ r sl +2) 29

r Ox (19)

using (A2) and (A4), assumingshallav waterwaves (¢ ~
¢g) andsimilar cross-shelscalesfor the divergencesand
with 8 = 0 correspondingo normallyincidentwaves.

Theratioof thefrictional andCoriolistimescalegfh/r =
fTy) is about0.1for h = 5m, r = 5 x 10~2 m/s, and
f = 10~* 1/s. The otherfraction involving the incident
wave anglef is alwayslessthan0.6, andfor waveswithin
10° of normallyincidentis 0.1 or less. Thus,(19) suggests
that undermost surf zone conditionsthe pressuregradient
associatedvith wave-drivenset-upwill beatleastanorder
of magnitudelarger thanthe geostrophigressuregradient
associateavith thewave-drivenalong-shelcurrentjet.

5. Summary

Estimatesof termsin the along-shelfand cross-shelf
momentumbalancesndicatethreedynamicallydistinctre-
gions: the surf zone, the inner shelf betweenthe offshore
edgeof the surf zoneand the 13-m isobath,and the mid
shelf extending offshore of the 13-m isobath(Figure 17).
Consistentwith previous studies,breakingsurface gravity
waves provide the dominantforcing in the surf zone. The
cross-sheldivergencein the cross-shelcomponenif the

wave-radiatiorstressS,, /0z is muchlargerthantheother
estimatedermssuggestingt is balancedby a cross-shelf
pressuregradient(i.e. wave setupthat could not be esti-
matedwith thesedata). The presentestimatesalsosupport
previousconclusiong Thornton and Guza, 1986;Feddersen
etal., 1998]thatthecross-shelflivergencen thealong-shelf
componenbf the wave-radiationstressdS,,, /0« is largely
balancedby bottom stress. This balancerequiresa linear
dragcoeficientfor the subtidalflow in the surf zonethatis
aboutl0timeslargerthanthedragcoeficientseavardof the
surfzone.

The cross-shelimomentumbalanceat mid shelfis pre-

dominantlygeostrophicthe Coriolisforcedueto the along-
shelf currentbalanceghe cross-shelpressurggradient,as

foundelsavhere[Brownetal., 1985,1987;Leeet al., 1984,1989].

At this site the along-shelfflow is geostrophidnto fairly
shallav water the 21-misobath. The along-shelfmomen-
tum balanceat mid shelf is more complex. The wind
stressandthe along-shelfpressuregradienttermsare sim-
ilar in magnitudeandarebalancedy bothaccelerationand
bottom stress,consistentwith previous studies[Allen and
Smith, 1981;Lentzand Winant, 1986;Leeet al., 1984,1989;
Lentz, 1994].

Betweenthe surf zoneand mid shelfis a transitionre-
gion referredto asthe inner shelf, hereextendingroughly
from the 4-m to the 13-misobath.The along-shelimomen-
tum balanceover the inner shelfis predominantiybetween
wind andbottomstressesgonsistentvith the few previous
studiesof the momentunbalancen 10 m to 15 m of water
[Lentzand Winant, 1986;Leeet al., 1989]. Along-shelfpres-
suregradientswvereimportantover the inner shelfduringa
few eventsassociatedvith alow-salinity plumefrom Chesa-
peale Bay, approximatelyl00 km north of the study site
[Rennie et al., 1999]. In the cross-shelflirection,the Cori-
olis force dueto the along-shelfcurrent,0.S, . /0x from the
shoalingof unbrolen surfacegravity waves,andthe cross-
shelf pressuregradientall have similar magnitudes. The
cross-shelfvind stresss neveradominanterm. Thecross-
shelfwind stresss similarin magnituddo the Coriolisforce
atthe8-msite,consistentvith theresultsof Leeet al. [1989]
at 10 m waterdepthin the SouthAtlantic Bight. However
theradiationstresgyradien®S,,, / 0z, atermnotconsidered
by Lee et al. [1989], dominatesat the 8-m site. Assuming
the cross-shelfpressuregradientbalanceghe otherterms,
the pressurggradientmay be thoughtof asa superposition
of a geostrophicalong-shelfflow andwave setdavn. The
strongesalong-shelturrentscoincidedwith thelargestsur
facewaves,andgeostrophisetup(southeastardflows)and
wave setdavn approximatelycancelledin 13-m depth,re-
sultingin anearlyflat meanseasurfaceduringsomeevents.

On both the inner and mid shelf, the depth-aeraged
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cross-shelfpressureggradientincludesa barocliniccompo-
nent(cross-shelflensitygradient)that balancesaboutone-
third to one-halfof the barotropiccomponent(cross-shelf
sea-surdceslope). This contrastawith resultsfor winter in
the SouthAtlantic Bight whereof estimate®f thebaroclinic
componen{from shipboardCTD surweys)weresmallcom-
paredto the barotropiccomponenflLee et al., 1984,1989].
The baroclinic cross-shelfpressuregradientis in thermal
wind balancewith the vertical shearin the along-shelfflow
in waterasshallov as10m.

The depth-aeragedcross-shelfvelocitiesare too small
to estimateaccuratelyfrom the obsenations, but the ten-
deng for thealong-shelfmomentunmbalanceo closewith-
outincludingthe Coriolis force f4 (Figures8 and14) sug-
gests f@ is not a large term in the along-shelfmomen-
tum balance. Several previous studieshave found simi-
lar resultsfor the mid and inner shelf [Allen and Smith,
1981; Lentz and Winant, 1986; Lee et al., 1989], though
Leeet al. [1984,1989]find fu is large over the outershelf
in the SouthAtlantic Bight. In general the depth-aeraged
cross-shelflow remainspoorly understoodIf fa is small,
the along-shelfand cross-shelfdepth-aeragedmomentum
balancesdecoupleand the along-shelfmomentumbalance
in thesethree regions provides a simple estimateof the
depth-aeragedalong-shelfcurrentin termsof the forcing,
i.e. along-shelfwind andwave stressesndthe along-shelf
pressuregradient. This simple estimatereproducesaccu-
rately the obsened depth-aeragedalong-shelfcurrentand
its cross-shelfariationfrom thesurfzoneto mid shelfgiven
alineardragcoeficientof 5 x 10~ m/s within thesurfzone
and5 x 10~* m/s seavardof thesurfzone.

Appendix

Theprocedurdor estimatingermsin thedepth-aeraged
momentumbalanceg1) and (2) is describedn Appendix
A.l. Uncertaintiesin the estimatesare discussedn Ap-
pendixA.2 andbottomstressestimategrom thelineardrag
law arecomparedo log-profileestimatesn AppendixA.3.

Al. Estimation of Terms

Termsin themomentunbalancesareestimatedisingthe
hourly dataandthenlow-passfiltered (half-powver point 38
hours)to focuson subtidalvariability. Verticalintegralsare
estimatedusinga trapezoidafule andassumingno vertical
variationsnearthe boundariego extrapolateto the surface
andbottom.

Accelerations

Time derivatives are estimatedas centereddifferences
over two hourintervals.

Pressure Gradients

Thedepth-aeragepressurgradientin (1,2)is estimated
from the bottom pressureand densitydataby substituting
(4) into (3) or theequivalentequationfor 9P/dy. Theden-
sity termin (3) is estimatedmore easily from the moored
obsenationsby notingthat

o ap 2 o [° 19 [°
/_hg%(l + E)dz = % /_hpgdz + s /_h pgzdz.
(A1)
The integralson the right-handside are estimatedor each
mooring site where density estimatesare available. The
cross-shelfjradientsof the bottompressureandthe density
integralsareestimatedsfinite differencesoughlycentered
onthesite of interest.For example the cross-shelpressure
gradientestimatefor the21-msiteis thedifferencebetween
bottom pressureand density estimatefrom the 26-m and
5-m sites(bottompressureat the 5-m site anddensityfrom
the FRF pier site) divided by the separationThe 13-mesti-
mateis from the21-mand5-msitesandthe26-mestimatds
fromthe 33-mand5-msites(Figure?). Accuratecross-shelf
pressurgradientsanbemadeonly for the13-m,21-mand
26-msites. The bottompressureanddensitymeasurements
at the 13-m and5-m sitesweretoo closetogether(separa-
tion 1 km) to male reliable estimateof the depth-aerage
pressurgradient.Therearebottompressurebut no density
measurementgffshoreof the 26-msite (Figure2). There-
fore thedensitygradienttermin (3) for the 26-msiteis esti-
matedusingobsenationsfrom the21-mand26-msites.

Along-shelfpressurgradientsareestimatedilongthe 5-
m and the 21-m isobathsusing datafrom the along-shelf
pressure/densitarray (Figure 1). Density along the 5-m
isobathis assumedrertically uniform becaus¢emperature
andconductvity weremeasure@tonly onedepth.Pressure
gradientsalongthe 5-misobathareestimatedasdifferences
betweermeasurementsom thesites17 km northandsouth
of thecentralline. Pressurgradientsalongthe21-misobath
areestimatedsdifferencedbetweermeasuremenfsomthe
sites32 km northand27 km southof the centralline. Pres-
suregradientestimatedrom differentpairsof bottompres-
suresensorsalongeitherthe 5-m or 21-misobathsyielded
similar estimates.The pressurggradientestimatealongthe
5-misobathis comparedwith the othertermsin the along-
shelfmomenturmbalancerom the 4-m, 8-m and13-msites
andthe pressurgyradientalong the 21-m isobathto terms
from the21-mand26-msites.
Wind, Bottom, and Wave-Radiation Stresses

The wind stressis estimatedusing a neutral drag law
[Large and Pond, 1981]andthe FRF pierwinds. Otherneu-
tral andnon-neutrabulk estimategFairall et al., 1996]give
nearly identicalwind stressegAustin, 1998]. No attempt
hasbeenmadeto accountor theinfluenceof wavesandthe
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shallavnessof the waterin the draglaw usedbecausehe
dependencef the drag coeficientson theseeffectsis not
understoodvell [Geernaert, 1988]. The FRFpierwindsare
usedbecausehereis a continuougime seriesoverthedura-
tion of the studyandthe pier wind measurementsrenearly
identicalto thewind measurementst the 21-msite (magni-
tudeof thevectorcorrelationis 0.98).

Bottomstresss estimatedassumingalineardraglaw (5)
with 7 = 5 x 10~* m/s. This choiceis motivatedby sim-
plicity andthe poorunderstandingf thefactorsinfluencing
bottomstresdn the surfzoneandinnershelf. Bottomstress
estimatedrom (5) are comparedwith log-profile estimates
using bottomtripod measurementat the 21-m site in Ap-
pendixA.3.

Wave-radiationstressesire estimatedn 8-m depthfrom

theFRFwave-directionahrraydataandadirectional-moment-

estimatiortechniqugElgar et al., 1994]. To estimateS,,, at
otherlocationsthedepthandsurfacewave propertiesareas-
sumednotto varyin thealong-shelidirection,andthe wave
field is assumedharron-bandedn bothfrequeny anddirec-
tion. In this casegLonguet-Higginsand Stewart, 1964]

Szy = Ecgsin(260)/(2c), (A2)

whereE = p,,gHSQig/lﬁ is thewave enepgy, H;, is thesig-
nificantwave height, p, is areferencelensity g is gravita-
tionalaccelerationg, andc arethe(lineartheory)groupand
phasevelocities, respectiely, at the peakwave frequeng.
Theangled in 8-m depthis chosersuchthat.S,, from (A2)
equalsthe measureds,, in 8-m depth(usingvaluesof FE,
andof ¢ andc¢, basedon the peakfrequeny, measuredn
8-mdepth)[ Thornton and Guza, 1986].

Thecross-shelgradientin S, ateachmeasuremersite,
using(A2) andSnell's Law is givenby

0Szy
ox

wherethe wave dissipatione = 9(Ec, cos(§))/0x is esti-
matedusing the model of Whitford and Thornton[Church
and Thornton, 1993],with B = 0.72 andy = 0.3 [Chen
et al., 1997]. The modeleddissipatiorratedependdinearly
on the local bottomslope(estimatedrom bathymetricsur
veys, Figure 2) andon the local wave enepgy (obtainedby
applying linear theoryto the bottom pressurespectrumat
sea-swelffrequenciesneasurecheareachmooring/taver.)
Cross-shelfradientof

=esin(f)/c (A3)

_gla 209)) —
Sze = E C(1+cos 9)) 5

(A4)
were estimatedsimilarly using estimatesf the dissipation
from the modelandestimatesf E andthe peakwave fre-
gueny from obsenationsat eachsite. Whenthereis no

wave breaking,S,, gradientsvanish,but S, gradientsare
nonzerde.g.Longuet-Higginsand Sewart, 1964,and(16)].

A2. Uncertainties

Uncertaintiesn the estimateslescribedabore cannotbe
guantifiedaccuratelypbecausénstrumenperformanceén the
field is not understoodwell and becausespatial scalesof
variationare unknovn. Neverthelessa qualitative discus-
sion of uncertaintiegprovidessomecontext for interpreting
theestimatepresentedn Section3.

Errorsin the depth-aeragedvelocity estimatesnclude
currentspeedanddirectionmeasuremergrrorsanderrorsin
estimatinghedepth-aeragecturrentsrom afew vertically
spacedturrentmeasurement§.hecurrentmetershave are-
portedaccurayg of 2-3 cm/s[Bearddey, 1987;Guza et al.,
1988]. Uncertaintiedn orientationhave a largerimpacton
thecross-shelfelocitiesthanalong-shelfvelocitiesbecause
theflowsarestronglypolarized(Tablel). Thelargestsource
of errorin estimatingdepth-aeragess probablyextrapola-
tion of the currentprofilesto the surfaceandbottom. How-
ever, comparisorof the standardestimateat the 21-m site
with an estimateincorporatingnearsurfaceOSCAR [Shay
et al., 1998]andnearbottomtripod (AppendixA.3) current
measurementgeldedrmsdifferencesn depth-aeragedie-
locities of 1 cm/s. Maximum differenceswvere5 cm/s for
hourly dataand3 cm/sfor low-passfiltered data. This sug-
gestsdepth-aeragingat this site doesnot increasesubstan-
tially the uncertaintyin the estimatesover the uncertainty
in the individual currentmeasurementsCurrentmeterun-
certaintiesinclude wave-inducedbiasesthat may affect all
instrumentson a mooring and thusit cannot be assumed
that depth-aeragingwill reducethe uncertaintyfrom that
for anindividual currentmeter Thereforedu = 3 cm/s is
the assumedincertaintyin boththe currentsandthe depth-
averagedcurrents. The subtidalacceleration$iave an es-
timateduncertaintyof du/At, wherea At of 9 hourswas
choserasapproximatelya quarterof the 38 hour cut-off pe-
riod for thelow-pasdilter (TableA1). Estimateduncertainty
in the Coriolistermis féu.

Parallelplatepressurgortswereaddedo the Seagauges
to reduceflow noise.Basedon flumetests(flow speed®f 6
- 40 cm/s),andon oceandeploymentsof several sensorsat
the samesite,the pressureneasurementsave a relative ac-
curag of 0.1-0.2mb. Theinfluenceof wavesonthepressure
measurements notknown. Comparisonsf the Seagauges
andSetrapressuresensorsat the 5-m and21-mcentralline
sitesindicaterelative accuraciedbetweenhesepairsof ~1
mb. Uncertaintiesn the bottompressuregyradienttermsare
100(6 P,/ Az)/p, (100is thecorversionfrommb to N /m?),
whered P, is assumedo be0.2mb for Seagaugpairsandl
mbfor Seagauge-Setpairs.Uncertaintiesn thedensityare
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Term 4-m 8m 13-m 21-m 26-m
ou/At 0.1 0.1 0.1 0.1 0.1
féu 0.3 03 0.3 0.3 0.3
0Py /(poAz) - 11.7 0.4 0.7 0.3
ghdp/(p,Ax) - 09 03 0.1 0.1
0P/ (poAy) 0.06 - - 0.03 -
ghdp/(p,Ay) 0.02 - - 0.08 -
01° [ (poh) 0.7 04 0.2 0.1 0.1
57/ (poh) 04 0.2 0.1 0.1 0.1

Table Al1. Al. Estimateduncertaintiesn the termsof the
cross-sheléindalong-shelinomentunbalancegl) and(2).
Unitsare10~5m/s2.

estimatedo be0.1 kg/m® basedn comparisonsvith ship-
boardCTD measurementmndbetweeradjacentnstruments
on the samemooringwhenthe watercolumnis thoughtto
bewell mixed. Uncertaintieariseprimarily from drift of the
conductvity cells[Aless et al., 1996]. Uncertaintiesn the
depth-aeragediensitieslueto having only two instruments
at the northernand southern21-m siteswere estimatecby
comparingdepth-aeragesusingall four instrumentsat the
central21-msitewith estimatesisingonly two instruments.
RMS differenceswere 0.25 kg/m3. Thus,dp is assumed
to be 0.1 kg/m? exceptfor the along-shelfgradientat the
21-m site whereit is assumedo be 0.25 kg/m?. Uncer
taintiesin the baroclinic pressuregradientare estimatedas
ghdp/(p,Az). Thereis additionaluncertaintyassociated
with cross-shelfvariationsin 9 P/dy between5 m and 13
m andbetweer21 m and26 m becaus@P/dy is only esti-
matedalongtwo isobaths.

Hourly wind stressestimatedrom the FRF pier andthe
21-msite(separation-5 km) havermsdifference®f 2—3 x
10~2 N/m?. Thesedifferencesare presumablyfrom both
instrumentinaccuraciesand spatial variationsin the wind
which is assumedo be spatially uniform. Thus, the esti-
mateduncertaintyis 67° /(p,h) with §7° = 3x10~2 N/m?.
Anothermajor sourceof uncertaintyis the drag coeficient
in shallov waterandits dependencen seastateandwind
direction (fetch). A summaryof drag coeficient estimates
in shallov water by [Geernaert, 1988] suggestaincertain-
ties of about20%. Recentevidencesuggestshe dragcoef-
ficientovertheinnershelfmaybe differentfor onshoreand
offshorewinds[Friedrichs and Wright, 1998].

Uncertaintiedn the bottom stressterm owing to uncer
taintiesin the currentmeasurementareréu/h. However,
of more concernis the dependencef r on factorssuchas
waves,bottomroughnessandstratification,andmoregen-
erallytheappropriateness alineardraglaw for parameter
izing bottomstress A comparisorof thelineardragandlog-
profile estimate®f bottomstressatthe 21-msiteis givenin

1 T T

WA MA M A Aol

1 (dynes/cm ?)

linear drag coefficient
-2.5r - -

log—profile

-4t

L .
15 20 25 30 4 9 14 19 24 29 4 9 14 19 24 29
Sep Oct

Aug

Figure Al. Time seriesof along-shelbottomstressat the
21-msite estimatedusinga linear draglaw with » = 5 x
10~*m/s andlog-profilesfrom eithera bottomtripod or a
bottomtetrapod.Tetrapod-baseéstimatesreshavn during
August,whenatripod andtetrapodwverebothdeployed.

AppendixA.3.

The radiationstressggradientestimatesare crude. Errors
areowing to uncertaintiesn the bottomslope,errorsin lin-
eartheory anderrorsin modelbasedstimate®f the break-
ing wave dissipationrate. The radiationstressgradientes-
timatesfor nonbreakingvavesare probablyaccuratewithin
50%, but may be lessaccuratefor breakingwaves. When
the fraction of wavesbreakingis low, but not nggligible, as
occursin theregion borderingthe seavard edgeof the surf
zone,thetrue S,, gradientchangessign andthe estimates
may have largerfractionalerrorsand/orthewrongsign.

A3. Bottom Stress Estimates

Thelineardragformulationusedo estimatébottomstress
is crudebecausé doesnotaccounfor factorssuchasvari-
ability in bottomroughnessindsurfacegravity waves. Bot-
tom tripod andtetrapod[Kim et al., 1997] deploymentsat
the21-msite provide independenbottomstressestimates.

The 1-m tall tetrapodssupportedfour Marsh-McBirne
electromagneticurrentmeterssamplingat 1 Hz for 1024
secondsevery 4 hours, and an altimeter that determined
the sensorelevationsabove the seafloor. Therewere 30-
day tetrapoddeploymentsduring August and during Oc-
tober The 5-m tall bottom tripods supportedfive BASS
currentmeters[Williams et al., 1987] and seven thermis-
tors. Currentsweresamplechearlycontinuouslyat approx-
imately1.5Hz. Therewere30-daytripod deploymentsdur-
ing July-Augustand during September Thereis generally
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Filtered
Duration CurrentMeter
Deployment by rbz Days Elevation(m)
Full timeseries 0.81* 0.45 74
Augtetrapod 0.79° 0.39 20 0.06,0.35,0.66,0.95
Octtetrapod 0.87 0.56 28 0.05,0.34,0.65,0.94
Aug tripod 0.94 0.75 12 0.24,1.20,2.55,4.44
Septripod 0.8 0.52 26 0.24,0.60,1.20,2.55,4.44

Table A2. Correlationsbetweersubtidalbottomstresseestimatedat the 21-m site from a linear draglaw (usingmooring
obsenations)andlog-profiles(usingtripod andtetrapocbbsenations). Thedurationof measurementssedn thecorrelations
andcurrentmeterelevationsabove the seafloor arealsogiven. * denotesorrelationssignificantlydifferentfrom zeroat the

95%confidencdevel.

goodagreemenibetweerthenearest-bottolMCM (eleva-
tion 1.5m) on the 21-m mooringandthe BASStripod and
EMCM tetrapodcurrentmeasurementsyith the exception
of the Octobertetrapoddeploymentwhenalong-sheltetra-
podvelocitiesexceededheVMCM velocities despitebeing
closerto the bottom. It is unclearwhich measurementsre
correct.

Bottom stressesire estimatedrom the tripod andtetra-
poddatausingalog-profiletechniqude.g.Kimet al., 1997].
Only thetwo sensorglosesto theseafloor areusedto esti-
matebottomstressasthereis curvaturein the speedprofiles,
perhapdecaus¢hewatercolumnis oftenstratifiedwithin a
few metersof thebottom.Usingthelowestthree ratherthan
the lowesttwo sensordaslittle effect on the bottomstress
estimatesxceptduring Octoberwhenthe profile curvature
is persistenandstrong.

Thealong-shelbottomstressestimatesrom log-profiles
andthe linear drag law agreewell (Figure Al). Zero-lag
correlationsare0.79 or greaterfor eachtripod/tetrapodie-
ploymentandfor the combinedime series(TableA2). The
mostnotablediscrepanciearethe threeeventsin October
whenthelog-profile estimateyield bottomstresseshatare
abouttwice aslargeasthelineardraglaw (FigureAl). It is
unclearwhich estimatds moreaccurateIf log-profile esti-
matesof bottomstressareusedinsteadf lineardraglaw es-
timatesthecorrelationbetweerforcingandflow responseat
the21-msiteis slightly (thoughnotsignificantly)increased,
from 0.88(Table3) to 0.91. Correlationdbetweerlinearand
log-profilebottomstresestimatesresmallerfor thewealer
cross-sheltomponenbf bottomstresqTable A2), but the
magnitude®f both estimatesre similar andmuchsmaller
thanothertermsin the cross-shelinomentunbalance(Ta-
ble4). Aslog-profileestimatesreavailableonly atthe21-m
site,thelineardraglaw is usedatall sites.
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