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Momentum balances on the North Carolina Inner Shelf
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Abstract. Four monthsof mooredcurrent,pressure,temperature,conductivity,
wave,andwindobservationsontheNorthCarolinashelfindicatethreedynamically
distinctregions: thesurf zone,theinnershelfbetweenthesurf zoneandthe13-m
isobath,andthe mid shelf. In the surf zonethealong-shelfmomentumbalance
is betweenthe cross-shelfgradientof the wave-radiationstressandthe bottom
stress.The lineardragcoefficient in the surf zoneis about10 timeslarger than
seawardsof thesurf zone.On theinnershelf thealong-shelfmomentumbalance
is alsofrictional; thealong-shelfwind stressandpressuregradientarebalancedby
bottomstress.In thecross-shelfmomentumbalance,thepressuregradientis the
superpositionof roughlyequalcontributionsfrom theCoriolis force(geostrophy)
andwave setdown from shoaling,unbrokensurfacegravity waves. At mid shelf
thealong-shelfmomentumbalanceis lessfrictional andhenceflow accelerations
areimportant.Thecross-shelfmomentumbalanceis predominantlygeostrophic
becausethe greaterdepthandsmallerbottomslopeat mid shelf reducesthe
importanceof wave setdown. Thecross-shelfdensitygradientis in thermalwind
balancewith the vertical shearin the along-shelfflow in depthsasshallow as
10 m. Thedominantalong-shelfmomentumbalancesprovide a simpleestimate
of the depth-averagedalong-shelfcurrentin termsof the measuredforcing (i.e.
wind stress,wave radiationstressdivergence,andalong-shelfpressuregradient)
thatreproducesaccuratelytheobservedcross-shelfvariationof thedepth-averaged
along-shelfcurrentbetweenthesurfzoneandmidshelf.

1. Introduction

Therelativeimportanceof surfacegravity waveandwind
forcing variesby an order of magnitudebetweenthe surf
zone(waterdepthsof order1 m) andthe mid shelf (water
depthsof order100m). Many observationalprogramshave
focusedon flows in thesurf zoneor on themid shelf. How-
ever, therearefew detailedobservationalstudiesof theinner
shelf region, betweenthe surf zoneandthe mid shelf, and
momentumbalancesthereareunderstoodpoorly.

Thedepth-averagedalong-shelfmomentumbalancewithin
thesurfzone(assumingalong-shelfhomogeneousbathymetry)
is betweenforcing by obliquely incident breakingsurface
waves(e.g. gradientsin the along-shelfcomponentof the
wave radiationstress
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), bottomstress,and possi-�
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bly cross-shelfmixing processes[Thornton and Guza, 1986;
Svendsen and Putrevu, 1994;Feddersen et al., 1998].(Wave
radiationstresses,e.g.

� ���
and

� ���
, representthemomen-

tum flux due to surfacegravity waves and are analogous
to Reynold’sstresses[Longuet-Higgins and Stewart, 1964].
Unlessnotedotherwise,thetimescalesof interestarea few
days, long comparedwith surfacewave periodsand vari-
ablesareaveragesovermany wave periods).Recentstudies
[Whitford and Thornton, 1993;Feddersen et al., 1998]sug-
gestthe along-shelfwind stressis sometimessignificantin
the surf zone,but is usuallymuchsmallerthan
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.

Thealong-shelfmomentumbalanceatmid shelfis complex.
Acceleration,Coriolis force,pressuregradients,wind stress,
and bottom stressare eachimportant on various shelves
[Allen and Smith, 1981;Lentz and Winant, 1986;Lee et al.,
1984,1989]. Previousstudiesindicatetheinnershelf is dy-
namically different with along-shelfflows driven by both
along-shelfwind stressandalong-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-averagedcross-shelfmomentumbalancewithin
the surf zoneis betweengradientsof the cross-shelfradi-
ation stress(
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���

) associatedwith wave breakingand

the cross-shelfpressuregradient
����
���


(i.e. wave set-up)
[Longuet-Higgins and Stewart, 1964; Bowen et al., 1968;
Lentz and Raubenheimer, 1999]. The cross-shelfmomen-
tum balanceover the mid shelf is between
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and

the Coriolis force associatedwith the along-shelfflow (i.e.
geostrophic)[Brown et al., 1985,1987;Lee et al., 1989].As
thedepthdecreasessetup(or setdown) forcedby thecross-
shelf wind stresswill becomeincreasinglyimportant. On
theSouthCarolinashelf in 10 m of water

����
���

, theCori-

olis force, and the cross-shelfwind stresswere estimated
to be approximatelyequalin magnitude[Lee et al., 1989].
However,

����
���

wasestimatedas the differencebetween

two pressuresensorsspanningtheentire75 km-wideshelf.
Furthermore,surfacewaveswerenotmeasuredandthusthe
wave setdown associatedwith

��������
���

in unbrokenshoal-

ing waves[Bowen et al., 1968]couldnot beestimated.The
relative importanceof surfacewave forcing, Coriolis force,
andcross-shelfwindstressin thecross-shelfmomentumbal-
anceover theinnershelfis unknown.

Previous studieshave generally included at most one
mooringsitebetweenthe5-m and30-misobathssothat lit-
tle is known aboutthe momentumbalancesacrossthe in-
ner shelf. More detailedobservationsacrossthe inner 16
km of the North Carolinashelf areusedhereto determine
thecross-shelfvariationof thedominanttermsin thedepth-
averagedcross-andalong-shelfmomentumbalances.The
observations,in waterdepthsrangingfrom 4 to 26 m, span
theregionfrom thesurfzoneto mid shelfandincludesimul-
taneousmeasurementsof currents,winds,waves,andpres-
sures.An overview of theobservationsis givenin Section2.
Momentumbalancesaredescribedin Section3. Simplified
scalingsof the observeddominantbalancesareconsidered
in Section4, followedby asummaryin Section5.

2. Background

2.1. Field Program and Data Processing

Observationswereobtainedoffshoreof theArmy Corps
of Engineers’Field ResearchFacility (FRF) on the Outer
Banks near Duck, North Carolina, from August through
earlyDecember1994aspartof theinterdisciplinaryCoastal
OceanProcessesInner Shelf Study [Butman, 1994]. The
site is aboutmidway betweenCapeHenry, at themouthof
Chesapeake Bay (100 km to the north) andCapeHatteras.
Thecoastlineis relatively straightbetweenCapeHenryand
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Figure 1. Planview of thestudyregion andinstrumentlo-
cations. The centralcross-shelftransectof instrumentsis
shown in detailin Figure2.

Oregon Inlet (50 km to the south),with an orientationof
about340 T at thearraycenter(Figure1). Thebathymetry
inshoreof the20-misobathis approximatelyhomogeneous
along-shelfonscalesof many km. Offshoreof the20-miso-
baththecomplex ridgeandswalebathymetryvariesseveral
metersverticallyoverhorizontalscalesof a few km (Figure
2). The seafloor slopesrelatively steeply(0.01) from the
4-m to the 13-m isobathandmoregently (0.002)from the
13-mto the20-misobath.Offshoreof the20-misobaththe
seafloor slopeis small(0.0002)overcross-shelfscaleslarge
comparedwith theridgeandswalefeatures.

Two rigid towers (in 4 and8 m waterdepth)and three
surface/subsurfacemooringpairs(in 13, 21, and26 m wa-
ter depth)weredeployedalonga 16-kmcross-shelftransect
(Figure2). ThetowerssupportedMarsh-McBirney electro-
magneticcurrentmetersandfast-responsethermistorssam-
pledat2 Hz, with verticalspacingsof about1 m or less.The
mooringssupportedVector-MeasuringCurrentMetersthat
measurehorizontalcurrentsand temperature,and SeaBird
SeaCATs that measuretemperatureand conductivity, all
with sampleratesof 4 min. Verticalseparationsfor thesein-
strumentswere1 to 5 m (Figure2). Two SeaCATswerealso
deployed1 and4 m abovethebottomonapiling of theFRF
pier in about8-m depth.Setrapressuresensors,sampledat
1 or 2 Hz to measuresurfacegravity waves,weredeployed
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Figure 2. Cross-shelfinstrumenttransectalongthecentral
line. Thick curve is thebathymetry(depthrelative to mean
sealevel).

about1 m above the seafloor neareachmooringor tower,
and also in 33-m depth(about30-km offshore,Figure 2).
TheFRFmaintainsa wave-directionalarrayof 15 pressure
sensorsin 8 m depthextendingabout200m along-shelfand
60 m cross-shelfandsampledat 2 Hz [Long, 1996]. Wind
velocity was measured3.5 m above the seasurfaceat the
21-m site (samplerate7.5 min) and19.5 m above the sea
surfaceon theFRFpier.

Along-shelf pressuregradientswere estimatedfrom an
arrayof eightSeaBIRDSeaGaugesthateachmeasurepres-
sure,temperature,andconductivity. The SeaGaugeswere
deployed about1 m above the bottom,with five alongthe
5-m isobathandthreealongthe21-misobath,in bothcases
spanninganalong-shelfdistanceof about60km (Figure1).
Additionally, at the northernandsouthern21-m sites,Sea-
CATs weremounted1 m below the seasurfaceon surface
buoys. Along-shelfarrayinstrumentsweresampledevery4
minutes. Bottom pressurewasaveragedover the 4 minute
sampleinterval. Cross-shelfpressuregradientson thearray
centerline wereestimatedusingtheSeaGaugeson the5-m
and21-m isobaths,andthe 1 or 2 Hz samplingSetrapres-
suregaugesonthe11-m,26-mand33-misobaths(Appendix
A.1).

The instrumentationwas deployed during late July and
early August and recoveredeither at the end of October
or in early December, 1994. The 8-m tower and the 13-
m surfacemooringboth failed aboutOctober10, during a
strongNor’easter. The21-msurfacemooringfailedduring

aNor’easteronSeptember4, cameashore,wasrefurbished,
andredeployedon October4. Both the21-mand26-msur-
facemooringsfailed during HurricaneGordon(November
16) and cameashore. The instrumentationand datawere
recoveredafter thesefailures. Time seriesfrom the 4-m
and8-m siteshave gapsowing to maintenance,intermittent
problemswith individualinstruments,andaseverelightning
strike in earlyAugust.

All time series(with theexceptionof surfacewave data)
wereblock-averagedto hourly valuescenteredon thehour.
Thefocusis on subtidaldynamicssotime serieswerelow-
passfiltered (half-power point 38 hours)unlessnotedoth-
erwise. All vectortime serieswererotatedto a coordinate
systembasedon the coastlineorientation(Figure 1), with
thealong-shelfcoordinate* positive toward340 T, andthe
cross-shelfcoordinate



positive offshore. Obvious biases

anddrifts in someconductivity time serieswere identified
and correctedby comparisonswith adjacentmooredcon-
ductivity cells and shipboardCTD dataobtainednear the
moorings[Alessi et al., 1996;Waldorf et al., 1995,1996].
Data were discardedfrom near-bottom conductivity cells
that drifted substantiallyin late October, presumablybe-
causeof fouling by suspendedsediment.Salinity andden-
sity wereestimatedusingthetemperatureandcorrectedcon-
ductivity [Fofonoff and Millard, 1983]. Pressuretime series
from sensorsmountedonanchors(waterdepthsgreaterthan
8 m) sometimesshow positive shifts of 1 - 30 mb during
storms,presumablyowing to scouringandsettlingof thean-
chors. Anchorshiftsgreaterthan1 mb wereidentifiedand
removed by comparisonwith time seriesfrom other near-
bottompressuresensors(rigidly mountedon jettedpipesin
shallowerwater)thatdid not shift. A moredetaileddescrip-
tion of datareturnandinitial processing,including correc-
tion of conductivity timeseriesandremoval of anchorshifts
from pressuretimeseries,is givenin Alessi et al. [1996].

2.2. Overview of Observations

Thedominanttimescaleof wind variability is afew days,
associatedprimarily with thepassageof cold fronts[Austin,
1998].Comparisonof windsfrom theFRFpier(8-mdepth),
the 21-m site,andseveral NDBC buoys in the region indi-
catethatsubtidalwindsdid notvarysubstantiallyacrossthe
16km cross-shelfextentof thestudyregionduringthefield
program(AppendixA.2). Wind directionsaretypically 45 
to thecoast,eitherpoleward(upwelling favorable)andoff-
shore,or equatorward(downwellingfavorable)andonshore.
Thestrongestwind stresses(AppendixA.1) wereassociated
with Nor’easters(downwelling favorable)(Figure3). Sig-
nificant wave heights +-,/. 0 at the 8-m wave array ranged
from 0.2 to 4 m (Figure3) andarecorrelatedwith thewind
stressmagnitude.Hourly averagedwavedirectionsat thear-
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rayrangedbetween132�4� and 5�2�4� from normallyincident,
i.e. wavecrestsparallelto thecoast.

Along-shelfcurrentvarianceovertimescalesfrom hours
to weeksis dominatedby subtidalvariability. At all five
sites,thecorrelationbetweensubtidalalong-shelfcurrentsat
differentlevelsin thewatercolumnis greaterthan0.75(the
95%confidencelevel for acorrelationsignificantlydifferent
from zerois 0.45assuminga decorrelationtime scaleof 3
daysand60-daylong timeseries).Subtidalalong-shelfcur-
rentstendto decreaseby roughlya factorof two from near
the surfaceto nearthe bottom. The muchweaker subtidal
cross-shelfcurrents6 arenot well correlatedover the wa-
ter columnat any site, andareoften in oppositedirections
nearthe surfaceandbottom. Depth-averagedandsubtidal
(e.g. low-passfiltered, AppendixA.1) currentsareconsid-
eredhereunlessotherwisenoted.

Themean,depth-averaged,along-shelfflow 78 is equator-
wardatall fivesites;9 cm/sat the13-msiteand4-5cm/sat
the4-m and26-msites(Table1). Althoughthedatado not
spanthesametime period(Figure3), thecross-shelfstruc-
turefor a shortercommontimeperiodis similar.

The principal axes of the depth-averagedcurrentsare
along-shelfto the accuracy of the measurements( 9:2� )
with standarddeviationsof 13-20cm/s(Table1). Correla-
tionsbetweendepth-averagedalong-shelfcurrentsmeasured
at thefive cross-shelfsitesrangefrom 0.64to 0.94. In con-
trastto thedepth-averagedalong-shelfflow, boththemeans
and standarddeviations of the depth-averagedcross-shelf
flow 76 aresmallrelative to theaccuracy of thecurrentmea-
surements(2-3 cm/s)[Beardsley, 1987;Guza et al., 1988].
Depth-averagedcross-shelfcurrentsat different moorings
aregenerallynotcorrelated,consistentwith error-dominated
measurementsand/orunresolvedspatialvariationof thecur-
rent. In either case,estimatesof termsin the momentum
balancesassociatedwith 76 mustbe interpretedcautiously.
Thoughafew cm/sor less, 76 maystill beimportantfor cross-
shelfexchangebecausetheinnershelfregion is sonarrow.

The vertical structureof temperatureevolved dramati-
cally during the study(Figure4a). In August,23 C near-
surfacewaterand deeper17 C waterwereseparatedby a
strongthermoclinecenteredabout10 m below the surface.
Wind-drivenupwelling(downwelling)of thethermoclinein
August resultedin large cross-shelftemperaturegradients
onshoreof the 26-msite asthe thermoclineshoaled(deep-
ened)andformeda surface(bottom)front. The watercol-
umnwasvertically mixedat leastasfar offshoreasthe26-
m site in responseto strongwinds from the northeastin
early September. A strongthermoclinedid not redevelop
andtemperaturedifferencesacrossthe watercolumnoften
weremuchlessthan2 C from SeptemberthroughNovem-
ber.

Despitethe strongthermoclinein August,both vertical
(Figure4) andcross-shelfdensitygradientsweredominated
by salinity variations. The primary sourceof salinity vari-
ability wasnarrow, shallow plumesof relatively freshwater,
presumablyfromChesapeakeBay[Rennie et al., 1999].The
Chesapeake Bay plumeflowed into thestudyregion gener-
ally duringdownwelling favorablewindsandwastypically
confinedinshoreof the21-misobathuntil it wassweptoff-
shoreby upwellingfavorablewinds. WhentheChesapeake
Bayplumewasnotpresent,salinitiesgenerallyincreasewith
depthanddistanceoffshore,consistentwith historicaldata
[Boicourt, 1973]. Vertical salinity (andhencedensity)gra-
dientstendedto be large during August and small during
Octoberwhentherewasstrongwind andwaveforcing(Fig-
ure3).

3. Momentum Balances

Thedepth-averagedmomentumequations,assuminghy-
drostaticflow andsmallsealevel variationscomparedwith
thewaterdepth,are� 76��; 1 < �= ��
 >@?A�B 6�C	D�EF1 < �= � * >@?A�B 6 8 DGEH5JIK78L 5 <MON �����
 1QPSR �MTN = 5UPSV �MTN = 5 <MON = ���������
 (1)

� 78��; 1 < �= ��
 >W?A�B 6 8 DGEF1 < �= � * >@?A�B 8 C�D�EX1YIZ76L 5 <MTN ���� * 1 PSR �MON = 5 PSV �MON = 5 <MON = �����	���
 (2)

where [/6]\ 8O^ arethecross-shelf(


) andalong-shelf( * ) sub-

tidal componentsof velocity, [_76`\�78T^ are the correspond-
ing depth-averagedvelocities, E is height above meansea
level,

=
is the water depth, I Lbadc 2�egf < 4 A�hji_A�k is the

Coriolis parameter, M N L < 4�l�m-nTo 
qpsr is a referenceden-
sity, [ ����
���
 \ ����
�� * ^ is thedepth-averagedhorizontalpres-
suregradient,t L e c a < pu
 i C is gravitationalacceleration,[ PSR � \ PSR � ^ is thewind stress,[ PSV � \ PSV � ^ is thebottomstress,
and

���	�
and

�����
arewaveradiationstresses.Lateralmixing

processesontimescalesshorterthansubtidalmaybesignifi-
cant,especiallyin thesurfzone,butarenotincludedbecause
they could not be estimatedaccuratelyfrom the observa-
tions.Along-shelfgradientsin thesurf zoneradiationstress
andpressurefieldsat relatively shortspatialscales(e.g. as-
sociatedwith localalong-shelfbathymetricvariations)could
not be estimated.Supportfor neglectingalong-shelfvaria-
tions in the along-shelfmomentumbalance(2) inshoreof
the8-m isobathis providedby Feddersen et al. [1998].
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Mean PrincipalAxes

Site 76 78 Major Minor Orientation,deg Days
4 m 2 -4 18 6 4 79
8 m 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-averagedcurrents(cm/s).Orientationsarerelativeto thealong-shelfdirection340 T. Timeseries
spandifferenttimeperiods(seeFigure3).
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Figure 4. Timeseriesof (a)temperature,(b) salinity, and(c)v�w for depthsbelow thesurfaceof 2 m, 14 m, and24.5m at
the26-msite.

Thedepth-averagedpressuregradient(obtainedby verti-
cally integratingthe hydrostaticequation)includessurface
pressure

� R anddensityM contributions�����
 L ��� R��
 1 >W?A�B t � M��
 [ < 1 E= ^ DGE (3)

with acorrespondingequationfor
����
�� * . ��� R 
���
 includes

contributionsfrom theseasurfaceslopeandtheatmospheric
pressuregradientand will be referredto as the barotropic
pressuregradient.Thesecondtermontheright-handsideof
(3), thedensitycontribution to thedepth-averagedpressure
gradient,will bereferredto asthebaroclinicpressuregradi-
ent.Assuminghydrostaticflow, thenear-surfacepressurein
(3) may be expressedin termsof near-bottompressure

� Vanddensity � R L � V 5 > ?A�B M tTDGE c (4)

The termsin (1–3) are estimatedat someor all of the
five mooring sites. Cross-shelfgradientsare estimatedas
finite differencescenteredon the mooringsites. An alter-
nateapproach,estimatingtermsin controlvolumesbounded
by adjacentmoorings,yields similar results. The nonlin-
eartermson the left-handsideof (1) and(2) could not be
estimatedaccuratelyat the 4-m and8-m sitesbecausethe
wave heightcanbea significantfractionof thewaterdepth
andthewatercolumnabovethewave troughlevel (where6
is onshore)wasnot sampled.Crudeestimatessuggestthe
nonlineartermsat the deepersiteswere small. The non-
linear termsarenot consideredfurther. Estimationof the
othertermsis describedin AppendixA.1 anduncertainties
in someestimatesarediscussedin AppendixA.2. Bottom
stressis estimatedusinga lineardraglaw

[ P V � \ P V � ^ L M  	x [/6 V \ 8 V ^ (5)

where x L 2uf < 4 A�y pu
 i basedon previousmid-shelfob-
servations[e.g.Lentz and Winant, 1986]and( 6 V \ 8 V ) is the
velocity 0.5 to 1.5 m above thebottom. Bottomstressesti-
matesfrom (5) aresimilar to log-profileestimatesusingbot-
tom tripod measurementsat the 21-m site (AppendixA.3),
suggestinga constantx provides reasonablebottom stress
estimatesat this site. However, thealong-shelfmomentum
balancediscussedin Section3.1 implies x is substantially
largerin thesurf zone.
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Thetime-averageover thedeploymentperiodof termsin
thecross-andalong-shelfmomentumbalanceseithercould
not beestimated(e.g. meanpressuregradients)or aresmall
comparedwith the fluctuationsin thosetermsand arenot
consideredfurther.

3.1. Along-shelf Momentum Balance

At the4-msite,timeseriesof thealong-shelfwind [ PSR � ^andbottomstresses[ P V � from (5)) aresimilar (Figure5a).
Exceptionsoccur during portions of October 14-15 and
September22 when the along-shelfwind and along-shelf
currentareopposed(e.g. PSR � and PSV � have oppositesigns
in Figure5a, andin Figure8a discussedbelow). At these
times,the wave radiationstressgradientopposedthe wind
stress,the4-m sitewasin thesurf zone,andthe4-m along-
shelfcurrentwasin thedirectionof thewaveradiationstress
gradientindicatingthedominantdriving forcewastheradi-
ation stressgradient

��������
���

resultingfrom obliquely in-

cidentbreakingwaves(Figure5b). To examinewherewind
or wavesdominatethealong-shelfforcingit is convenientto
categorizeeachsite (for eachhourly time period)aseither
seawardsof, or in, thesurf zone,eventhoughthedemarca-
tion betweenthe surf zoneandthe innershelf is not sharp.
For simplicity, asiteis consideredseawardsof thesurfzone
if +-,/. 0 
 ={z 4 c m�m , correspondingto breakingof lessthan
about10%of thewaves[Thornton and Guza, 1984].Surface
waveheightsateachsitewereestimatedusinganearbybot-
tom pressuregaugeandlinear theory. Using this criterion,
the4-m sitewasin thesurf zoneon August23, September
3-6, 19, 22, October3-4, and10-20. The4-m site is within
the surf zonewhen

��������
���

is large (Figure5b) andalso

when + ,/. 0 is large, but the wave direction is closeto nor-
mally incidentso

�����	��
���

(A3) is small. The 8-m tower

wasin thesurf zonefor a few hoursonSeptember4 and22.
The 21-m and26-m siteswerenever in the surf zone,and
the 8-m tower and13-m surfacemooringfailed during the
largewavesin mid October. More complicatedexpressions
for defining the offshoreextent of the surf zone[e.g. Bat-
tjes and Stive, 1985]yield similar estimates,andtheresults
below donotdependcritically on thisdefinition.

When the 4-m site is in the surf zonethe standardde-
viation of [ MTN = ^ A�k �����	��
���
 is 1-2 orders of magnitude
larger than the standarddeviations of other terms in the
along-shelfmomentumbalance(Table2, Figure5). To bal-
ance

��� �	� 
���

with the bottom stress,the linear drag co-

efficient x for the subtidalflow in the surf zonemust bex L 2|f < 4 A r pu
 i , 10timeslargerthanthenominalvalueofx (Figure6). The lineardragcoefficient could increasebe-
causebreakingwavestransfermomentumeffectively to the
bottom, or becausebottom roughnessincreasesinside the
surf zone[Garcez-Faria et al., 1998]. The increasein the

Site }�~�}	� IZ76 k��� }��} � �������� B �q������ B k��� B }q��� �} �
4-m 0.2 0.2 0.3 0.9 1.2 0.1(12.9)
8-m 0.3 0.1 – 0.8 0.7 0.1( 0.1)
13-m 0.3 0.2 – 0.4 0.4 0.0
21-m 0.2 0.2 0.3 0.4 0.3 0.0
26-m 0.2 0.2 – 0.3 0.2 0.0

Table 2. Standarddeviationsof termsin thealong-shelfmo-
mentumbalance(2). Statisticsfor the4-mand8-msitesare
for periodswhenthesesitesareseawardsof the surf zone.
Thevaluesin parenthesesfor [ MON = ^ A�k ��������
���
 includeall
periods.Unitsare

< 4 A�h pu
 i C .
dragcoefficient in the surf zoneis qualitatively consistent
with resultsof a more detailedexaminationof the along-
shelfmomentumbalanceonshoreof the8-msiteusingaddi-
tionalobservations,across-shelfintegrationthatreducesthe
effectsof lateralmixing on the estimateddragcoefficients,
anda quadraticdragformulationthat includestheeffect of
surfacewaveson themeanbottomstress[Feddersen et al.,
1998].Seawardof thesurfzonetheestimated

��� ��� 
���

term

is small(Table2).

TheestimatedCoriolis force IZ76 is relatively smallat the
4-m and8-m sites,but similar to theothertermsat the21-
m and26-msites(Table2). However, IZ76 will beneglected
in subsequentanalysisbecauseestimatesof IZ76 aresmaller
than the estimateduncertainties(Appendix A.2), and un-
correlatedbetweensites. Furthermore,IZ76 is not correlated
(range0.09 to 0.37) with the the sum of the acceleration,
pressuregradient,andsurfaceandbottomstresses.In con-
trast, the accelerationterm, which hassimilar magnitudes,
is correlated(range0.55to 0.80)with thesumof theCorio-
lis andsurfaceandbottomstresstermsatall but the4-msite
(correlation0.36).Theseresultsareconsistentwith previous
studies[Allen and Smith, 1981;Lentz and Winant, 1986;Pet-
tigrew, 1981;Lentz, 1994]andsuggestIZ76 is not estimated
accuratelyfrom theobservations.

Whenthe 4-m site is offshoreof the surf zonethe stan-
darddeviationsof thesurfacewind andbottomstressesare
at leastthreetimesaslargeastheotherterms(Table2) and
correlatedwith a regressioncoefficient near1.0 (Table3).
Time seriesof surfaceand bottom stressare correlatedat
all sites(Table3). However, standarddeviationsof

� 78 
���;
and

����
�� * becomeincreasinglysignificantasthedepthin-
creasesandP R � 
 [ MTN = ^ andP V � 
 [ MON = ^ decrease(Table2). At
the 8-m site the standarddeviation of the along-shelfflow
accelerationandpressuregradient(measuredalongthe5-m
isobath)are similar in magnitude,but are only abouthalf
the magnitudeof the surfaceandbottomstressterms(Ta-
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Figure 5. Timeseries(unfilteredhourlyvalues)of largesttermsin thealong-shelfmomentumbalanceatthe4-msite,(a)windP R � 
 M N = andbottom P V � 
 M N = stresses,and(b) radiationstressgradient 5�[ M N = ^ A�k ��� ��� 
���
 . When � ��� ��� 
���
 � is relatively
largethesiteis within thesurf zone.Notetheverticalscalesin (a)and(b) differ.

ble 2). The
����
�� * term along the 21-m isobath,and the

accelerationandstresstermsat the 13-m, 21-m, and26-m
sitesareall of similar magnitude(Table2, Figure7). When
the along-shelfpressuregradientis largest,the surfaceand
bottomstressesdiffer substantially(mid August,September
5,October16in Figure7). Thesalinityobservationsindicate
thepositive

����
�� * eventsin Augustthatdrive a southeast-
ward flow are associatedwith the Chesapeake Bay plume
[Rennie et al., 1999]. The along-shelfmomentumbalance
approximatelyclosesat eachsite. Thesumof theresponse
terms [ � 78 
���; 1J[ MON = ^ A�k P V � ^ is well correlatedwith thesum
of the two forcing terms [�5 MON A�k ����
�� *-1{[ MON = ^ A�k PSR � ^ at
eachsite,andtheregressioncoefficientsareabout1.0 (Fig-
ure8, Table3). Furthermore,at eachsite thesecorrelations
arehigherthanthecorrelationsbetweenthesurfaceandbot-
tomstressalone.

Alongthe5-misobaththestandarddeviationof thebarotropic
pressuregradientis aboutfivetimeslargerthanthestandard
deviation of the baroclinic component. In contrast,along
the 21-m isobaththe standarddeviation of the barotropic
pressuregradientis abouttwice the baroclinic component
andthebarocliniccomponenttendsto opposethebarotropic
component.Thebaroclinicpressuregradientresultsprimar-
ily from salinity variationsandis substantialevenwhenthe
watercolumnis notstratified(e.g. earlyOctober).Thesees-
timatesindicatethat,at leastalongthe21-misobathat this
site,densityestimatesarecritical for accurateestimationof
along-shelfpressuregradients.
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P V � 
 [ M N = ^�8T� P R � 
 [ M N = ^ ��8T���
Site � � Correlation � � 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 regressionanalysisof forcing, � L [�5 ����
�� * ^ 
 MON 1 PSR � 
 [ MON = ^ , with response,� L � 78 
���; 1PSV � 
 [ MTN = ^ , in along-shelfmomentumbalanceof the form � L � � 1�� . Resultsof regressionbetweenPSR � 
 [ MTN = ^ andPSV � 
 [ MTN = ^ arealsogiven. Analysis includesonly periodswhensitesareseawardsof the surf zone. All correlationsare
differentfrom zeroatthe95%confidencelevel and95%confidencefor � and � areshown. Unitsare

< 4 A�h p�
 i C for intercepts.

Site }G~�}	� IK78 k��� }��} � � � ���� B � � ���� B k��� B }q� ���} �
4-m 0.0 1.1 – 0.9 0.4 9.6(221.5)
8-m 0.0 1.7 – 0.8 0.2 3.6 (3.5)
13-m 0.0 1.6 2.1 0.4 0.1 1.5
21-m 0.0 1.4 1.8 0.3 0.1 0.2
26-m 0.1 1.1 1.4 0.3 0.1 0.6

Table 4. Standarddeviationsof termsin thecross-shelfmomentumbalance(1). Statisticsfor the4-m and8-m sitesarefor
periodswhenthesesitesareseawardsof thesurf zone.Thevaluesin parenthesesfor [ MON = A�k ^ �����	�T
���
 includeall periods.
Unitsare

< 4 A�h pu
 i C .
3.2. Cross-shelf Momentum Balance

In thesurfzonethestandarddeviationof [ MTN = ^ A�k �������G
���

is several ordersof magnitudelarger than standarddevia-
tions of the other termsin the cross-shelfmomentumbal-
ance(Table4). Presumably

��� ��� 
���

is balancedby across-

shelfpressuregradient
����
���


, consistentwith wave-driven
setup. This balancecannotbe confirmedbecausepressure
gradientswerenot measuredaccuratelyin this region (Ap-
pendixA.2). However, analysisof a 3.5 yearlong time se-
ries (including the periodof this study)of pressurein 2 m
and8 m depthat theDuck site indicatesthat largenegative��������
���


acrossthesurfzonearebalancedby
����
���


, con-
sistentwith wave setup[Lentz and Raubenheimer, 1999].

Whenthe4-m site is offshoreof thesurf zone,thestan-
dard deviation of [ M N = ^ A�k ��� ��� 
���
 is an order of magni-
tudesmallerthanwhenthe site is within thesurf zone,but
still an orderof magnitudelarger than the standarddevia-
tions of the otherestimatedterms,suggestingthat

����
���

is dominatedby (unmeasured)wave setdown. At the 8-
m site the magnitudeof [ MON = ^ A�k ��������
���
 is a factor of
three larger than IK78 and the cross-shelfwind stressterm[ MON = ^ A�k PSR � (Table4 andFigure9). TheCoriolis force I�78
andthecross-shelfwind stressPSR � arepositively correlated

(Figure9a). Thestrongestwindsarefrom thenortheastand
driveanequatorwardalong-shelfcurrentwith anonshoredi-
rectedCoriolis forcethatreinforcestheonshorecomponent
of the wind stressso that the largestmagnitudesof IK78 and[ M N = ^ A�k PSR � arenegativeandoccurconcurrently(Figure9a).
However, the 8-m site is usuallyseawardsof the surf zone
andthewave-drivensetdown(

��� ��� 
���

is negative)opposes

and is partially balancedby the wind and Coriolis forced
setupduring Nor’easters(Figure 9b). Pressuregradients5 MTN A�k ����
���
 L 5�[ MTN = ^ A�k �����	��
���
 1 IK78 1{[ MON = ^ A�k PSR �duringtheseeventsshouldbesmallerthanthosefrom wave
setdown alone,andshouldhave signoppositeto thosefromI�78 1¡[ MTN = ^ A�k PSR � alone. Again, accurateestimatesof the
cross-shelfpressuregradientareneededto confirmthis bal-
ance.Insidethesurfzone

��������
���

is positive,andduringa

Nor’easterwave setupis reinforcedby thecross-shelfwind
stressandCoriolis force. However, the

�����	�G
���

termis so

muchlargerthantheothertermsthatthey arelikely negligi-
ble for mostsurf zoneconditions(seeSection4.2).

The cross-shelfpressuregradient
����
���


wasmeasured
at the 13-m site, andis balancedby [ MON = ^ A�k ��������
���
 andI�78 . Thecross-shelfwind stressterm PSR � [ M N = ^ A�k is reduced
by about40% at the 13-m site relative to the 8-m site due
to the increasein waterdepth(Figure10a,Table4). As in
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zone. The linear relationshipandtheslopeof 0.1 suggests
thelineardragcoefficient x within thesurf zoneis 10 times
largerthanseawardsof thesurf zone.

Correlation Regression
Site Coefficient Coefficient Days
13-m 0.63 0.82 � 0.38 63¢
13-m 0.80 1.34 � 0.41 48

21-m 0.92 1.16 � 0.22 50
26-m 0.93 1.19 � 0.15 78

Table 5. Regressionanalysisof IK78 with [ ����
���
 ^ 
 MON ,
termsin cross-shelfgeostrophicbalance. All correlations
aresignificantlydifferentfrom zeroat the 95% confidence
level and 95% confidenceintervals for regressioncoeffi-
cientsareshown. £ Regressionanalysisof IK78 5 }q���¤�} � with[ ����
���
 ^ 
 M N .
8-m depth, 5�[ M N = ^ A�k ��� ��� 
���
 and I�78 1U[ M N = ^ A�k PSR � are
opposedduringthestrongestevents,andin 13-mdepthcan-
cellationis nearlycompletein somecases(e.g. September5,
October4 andOctober10-11in Figure10b). Theobserved
pressuregradientsarequalitatively consistentwith this can-
cellation (Figure 10c). The Coriolis force I�78 , ��������
���
 ,
and

����
���

are mutually correlated. Linear regressionofIK78 and MON A�k ����
���
 yields a significantcorrelation(0.63)

anda regressioncoefficient of 0.82(Table5), suggestinga
geostrophicbalance. However, MTN A�k ����
���
 is bettercor-
related(0.80)with [�IK78 5�[ M N = ^ A�k ��� ��� 
���
 ^ thanwith I�78
alone.Theseresults(Tables4 and5, andFigures9 and10)

suggestthat
��� �	� 
���


is important in the cross-shelfmo-
mentumbalanceoffshoreof thesurf zone,in depthsat least
asgreatas13m.

At the 21-m and 26-m sites IK78 and MTN A�k ����
���
 are
highly correlatedwith linearregressioncoefficientsnearone
(Table 5) and are larger than the other terms (Table 4).
The cross-shelfmomentumbalanceis thusconsistentwith
geostrophy(Figure11). Thestandarddeviationsof P R � 
 M  =
and [ M N = ^ A�k ��� ��� 
���
 arelessthan1/5 of I�78 in 21-mdepth
(Table4), andthecorrelationbetweenIK78 and M N A�k ����
���

is not alteredsignificantly by including either in the bal-
ance. At the 26-m site, the standarddeviation of the esti-
mated [ MTN = ^ A�k �����	��
���
 is larger (about1/2 of IK78 ) thanat
the21-msitebecausethe local bottomslopeis steeper(

= �
in (15), discussedbelow). However, the correlationis not
increasedby including

��������
���

, possiblybecauseof the

disparityin thespatialscalesusedto estimate
��������
���


and����
���

. The local bottomslopein 26 m depthis usedto

estimate
��� �	� 
���


, but thelocalslopeis largerandof differ-
ent sign thanthe averagebottomslopeover thecross-shelf
separationof thepressuregauges(atthe5-mand33-msites)
usedto estimate

����
���

at the26-msite(Figure2).

Thebarocliniccomponentof thecross-shelfpressuregra-
dient often opposesthe barotropiccomponentat the 13-m
and 21-m sites where bottom pressuregradientand den-
sity gradientestimatescould be made(Figure12). Corre-
lationsbetweenthe barotropicandbaroclinicpressuregra-
dientsare -0.82 at both sites. The standarddeviations in-
dicatethat the depth-averagedbaroclinicpressuregradient
balances30-45%of thebarotropicpressuregradient.Cross-
shelfdensitygradients(baroclinicpressuregradients)in Oc-
tober, whenstratificationis relatively weak(Figure4), are
similar in magnitudeto cross-shelfdensitygradientsin Au-
gustwhenstratificationis relatively strong(Figure12).

Theimportanceof thebarocliniccontributionto thedepth-
averagedcross-shelfpressuregradientandthetendency for a
geostrophicbalancesuggeststheverticalshearin thealong-
shelfvelocitymaybein thermalwind balanceovertheinner
shelf, � 8� E L 5 tM  I

� M��
 c (6)

Although (6) hasbeenshown to hold in the middle of the
watercolumnatmid shelf[Winant et al., 1987],it is notob-
viousthatthisbalancewill holdover theshallow innershelf
wherenopartof thewatercolumnis distantfrom thesurface
andbottom.Themooredarrayobservationsprovidefive lo-
cationswherethetwo termsin thisbalancecanbecompared
(Table6). In eachcase,

� M 
���
 is estimatedasthedifference
betweendensitiesat the samedepthon adjacentmoorings
dividedby themooringseparation.(Densityat 4.4m depth
for the13-msitewascomputedby linearly interpolatingbe-



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

12 17 22 27  1  6 11 16 21 26  1  6 11 16 21 26 31
−3

−2

−1

0

1

2

3

Aug Sep Oct

10
−5

 m
/s

2

c)  (∂P/∂y)/ρ
°

−3

−2

−1

0

1

2

3

10
−5

 m
/s

2

a) ∂v/∂t and fu
13−m site

∂v/∂t
fu                 

−3

−2

−1

0

1

2

3

10
−5

 m
/s

2

b) τsy/ρ
°
h and τby/ρ

°
h

τsy/ρ
°
h

τby/ρ
°
h

Figure 7. Time seriesof largesttermsin the along-shelfmomentumbalanceat the 13-m site, (a) acceleration
� 78 
���; and

Coriolis force IZ76 , (b) wind stressP R � 
 M N = andbottomstressP V � 
 M N = , and(c) pressuregradientM A�kN ����
�� * (alongthe5-m
isobath,seeAppendixA.1).

tweenthe1.5and7.6m densities,Figure2.) Verticalshears� 8 
�� E , estimatedfrom currentmetersvertically bracketing
the

� M 
���
 at bothmoorings,aresubstantial,corresponding
to along-shelfvelocitydifferencesof 15- 40cm/sacrossthe
watercolumn.

The vertical shearin the middle of the watercolumnis
approximatelyin thermalwind balance(Table6, Figure13).
Standarddeviationsof thetwo termsin (6) areroughlyequal
at eachlocation and increasetoward the coast,consistent
with strongcross-shelfdensitygradientsin the vicinity of
the8-mand13-msitesowing to theChesapeakeBayplume
and,duringAugust,to upwelling/downwellingof thepycn-
ocline. The two termsin (6) arecorrelatedat all sites. In-
accuraciesin the interpolationof densityat the 13-m site
maycontributeto thelowercorrelationsfor the8-mand13-
m pair. The large separationbetweenthe 21-m and 26-m
sites(10 km) relative to the cross-shelfscaleof the plume
(estimatedfrom shipboardsurveys) probablycontributesto

the lower correlationsfor this pair. Despitethe difficulties
of comparingvertical shearsestimatedat pairsof mooring
siteswith finite differenceestimatesof thedensitygradient
betweenmooringsites,theobservationsindicatethatmuch
of the subtidalvertical shearvariability is in thermalwind
balancein depthsasshallow as10m.

4. Discussion

The momentumbalancessuggestthreedistinct dynam-
ical regions: the surf zone,inner shelf, andmid shelf. In
the surf zone, forcing by wave-radiationstressgradients
dominatesbothalong-shelfandcross-shelfmomentumbal-
ances. Over the inner shelf, offshoreof the surf zoneto
about the 13-m isobath, the along-shelfmomentumbal-
anceis primarily betweensurfacewind andbottomstresses,
with along-shelfpressuregradientsusually a smallercon-
tribution. The cross-shelfmomentumbalanceis between
cross-shelfpressuregradients,wave-radiationstressgradi-
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 [ M N = ^ 5¯[ ����
�� * ^ 
 M N ) andtheresponse(
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���; 1 PSV � 
 [ M N = ^ ) at each

mooringsite. ThebottomstressPSV � is estimatedusingthe x valueseawardsof thesurf zone(9 and10),and
��� ��� 
���


is not
includedin theforcing. Thus,whenasiteis within thesurfzone(shadedregions),discrepanciesmaybelarge.
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stressP R � 
 M N = and(b) radiationstressgradient [ M N = ^ A�k ��� �	� 
���
 and [�IK78 1 P R � 
 M N = ^ . Notetheverticalscalesdiffer in (a)
and(b).

ents,Coriolis forces,andto a lesserextentcross-shelfwind
stresses.At the mid shelf 21-m and26-m sites,the along-
shelfbalanceis betweenwind stresses,along-shelfpressure
gradients,bottom stresses,and accelerations.The cross-
shelf momentumbalanceis geostrophic.Thesesimplified
momentumbalancesareusedhereto examinethe relation-
ship betweenthe forcing (winds, waves, and along-shelf
pressuregradients)and the response(along-shelfcurrents
and cross-shelfpressuregradients),and to derive simple
scalingsrelevanttootherlocations.Thealong-shelfpressure
gradient

����
�� * is treatedasa forcing ratherthanasa re-
sponsebecausetheobserved

����
�� * (alongboththe5-mand
21-misobaths)arenot correlatedwith thelocal wind stress.
As indicatedin Section3.1,partof thevariability in

����
�� *
along the 5-m isobathis associatedwith the Chesapeake
Bay plume events[Rennie et al., 1999], and someof the
variability is likely alsoa responseto the large-scalewind
field [Wang, 1979;Noble and Butman, 1979;Yankovsky and
Garvine, 1998]. In either case,

����
�� * is driven by large

scaleprocessesnot includedin thepresentforcing terms.

4.1. Along-shelf velocity response

Thedepth-averagedalong-shelfmomentumbalance(2) is
recasthereto relatethedepth-averagedalong-shelfvelocity
to theforcing� 78��; 1 x 78=±° 5 <M N ���� * 1 PSR �M N = 5 <M N = ���������
 c (7)

It hasbeenassumedthat: turbulentReynold’sstresses,non-
linearadvectiveterms,andtheCoriolisterm IZ76 (seeSection
3.1) aresmall; a linear drag law ((5), AppendixA.3) pro-
videsanaccurateestimateof thebottomstress( [ MON = ^ A�k PSV �in (2)); and the near-bottomalong-shelfvelocity 8 V is ap-
proximatelyequalto, or at leastwell correlatedwith, the
depth-averagedalong-shelfvelocity 78 . At eachsite 8 V and78 arewell correlated(0.86to 0.99)and 8 V rangesfrom 0.578
to 0.878 basedon a linearregressionanalysis.Giventhat 8 V
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Figure 10. Timeseriesof largesttermsin thecross-shelfmomentumbalanceat the13-msite,(a)Coriolis force IK78 andwind
stressP R � 
 M N = , (b) radiationstressgradient [ M N = ^ A�k ��� ��� 
���
 and [²I�78 1 P R � 
 M N = ^ , and(c) pressuregradientM N A�k ����
���

and( I�78 1 PSR � 
 M N = 5³[ M N = ^ A�k ��� �	� 
���
 ^ . Correlationsandregressioncoefficientsaregivenin Table5.

and 78 arewell correlatedthedifferencein magnitudemaybe
accountedfor by adjustingx .

Integrating(7) in timeyields[Lentz and Winant, 1986]

78 � L > �� ��´ 5
<MON ���� * 1QPSR �MON = 5 <MON = ��� �	���
¶µ¸· A|¹»º½¼�º¿¾ÁÀÂÄÃ D ;�Å

1 78�N · A ¹Æº/¼�º � ÀÂÄÃ
(8)

where Ç�È L = 
 x is a frictional time scaleand 78�N L 78 [ ; L; N_^ . Basedon (7) or (8), two factorsdeterminethecharacter
of 78 andits cross-shelfstructure,therelative magnitudesof
the forcing termsandthe forcing time scalerelative to the
frictional time scale Ç È . As notedabove,

��� ��� 
���

domi-

natesthe along-shelfforcing in the surf zone. Seaward of
thesurf zone,

��� �	� 
���

is smallandtherelative importance

of PSR � 
 = and
����
�� * dependson their cross-shelfstructure.

In theabsenceof cross-shelfvariations,
����
�� * will become

increasinglymoreimportantrelative to PSR � 
 = asthe depth
increases[e.g.Lentz and Winant, 1986],andthis is qualita-

tively true in the presentobservations(comparethe cross-
shelfvariationof PSR � 
 = with thatof

����
�� * in Table2).

If the forcing varieson time scalesthat are long com-
paredwith Ç�È thentheresponseis basicallyfrictional. The
along-shelfflow is approximatelyin phasewith the forc-
ing and quasi-steadyin the sensethat the accelerations
are dynamicallynegligible. In this case,from (7), 78 � °Ç È [�5 M A�kN ����
�� *j1 PSR � 
 M N = 1É[ M N = ^ A�k ��� �	� 
���
 ^ . In con-
trast,if the forcing time scaleis shortcomparedto Ç È then
the responselagsthe forcing andis weaker thanthesteady
response.The threeforcing terms(sampledhourly) have
decorrelationtime scalesof 1 - 2 days. The resultsin Sec-
tion 3 suggestthatroughly

x L 2-f < 4 A r pu
 i =ËÊ m c 4�+-,/. 0 (9)

(within thesurf zone),2-f < 4 A�y pu
 i =ÍÌ m c 4�+ ,/. 0 (10)
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Mooring MetersBelow StandardDeviations Correlation
Sites Surface

A�Î��� È } �} � } �}�Ï Coefficient 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. Comparisonof termsin the thermalwind balance(6). Standarddeviation unitsare
< 4 A C i_A�k . All correlationsare

significantlydifferentfrom zeroat the95%confidencelevel.
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Figure 11. Time seriesof largesttermsin the cross-shelf
momentumbalanceat the 26-m site, IK78 and M A�kN ����
���
 .
Correlationsand regressioncoefficients between IK78 andM A�kN ����
���
 aregivenin Table5.
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Figure 12. Timeseriesof thebarotropicandbarocliniccon-
tributionsto the depth-averagedcross-shelfpressuregradi-
ent(see(3)) at the13-msite.

(seawardsof thesurf zone).

Within thesurf zone,assuming
= LÐa m or less,Ç�È is 30

minutesor less,shortcomparedwith theforcing time scale
andconsistentwith previousobservationsin whichsurfzone
flows respondedwithin a few hoursto changesin forcing
[Feddersen et al., 1998].Seawardsof thesurfzone,

= LÐÑ 5l�Ò m and(10) implies Ç�È L lÓ5 < Ñ hours.Thus,atmid shelfÇ�È approachesthe forcing decorrelationtime scaleandthe
flow responsemaydetectablylag theforcing. Theobserved
time lagsfor maximumcorrelationbetweensubtidalflow 78
andforcing [�5 ����
�� *�1 PSR � 
 = 1 = A�k ��� ��� 
���
 ^ are2hr, 7hr,
and9-11hr for the4-m,8-m,anddeepersites,respectively.
The increasein the magnitudeof the lags with increasing
waterdepthis consistentwith (7) and(9 and10).

Estimatesof 78 � fromtheforcingweremadeusing(8)and
theprescriptionfor x in (9 and10). Thefrictional timescaleÇ�È in the surf zoneis shorterthanthe hourly samplerate,
therefore78 � wassetequalto theforcing times Ç È whenthe
4-m or 8-m siteswere in the surf zone. Unfilteredhourly
time seriesof 78 � and observed 78 for eachsite aresimilar
(Figure14). Root-mean-square(rms) differencesareabout
10 cm/sec,correlationsare0.74 to 0.86,andlinear regres-
sionslopesrangefrom 0.92to 1.20.

The 78 � estimatesreproducetheobservedcross-shelfvari-
ationsin 78 . For example,onAugust20and23,strongalong-
shelf currentsaredriven in part by an along-shelfpressure
gradientassociatedwith the Chesapeake Bay plume (Sec-
tion 3.1). The observed and predictedcurrentsare maxi-
mum at the 13-m site (about-40 cm/sand-70 cm/son 20
and23 August,respectively). Flows areweaker at the 21-
m and26-m sitesbecausethe pressuregradientassociated
with theplumedoesnot extendoffshoreto thesesites.The
pressuregradientis presentonshoreof the13-msite,but the
responsedecreasesasthe depthdecreasesfrom 13-m to 4-
m becausethe pressuregradientbody force is balancedby
bottom stress(e.g. x 78 � ° = ����
�� * from (7)). The es-
timatedvelocity 78 � doesnot reproduce78 aswell during a
similarplumeeventaroundSeptember20,probablybecause
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Figure 13. Timeseriesof thetermsin thethermalwind balance(6) (a)betweenthe8-mand13-msites(4.4m below surface)
and(b) betweenthe13-mand21-msites(12.7m below surface).Correlationsaregivenin Table6.

the arraydoesnot resolve cross-shelfvariationsin
����
�� *

duringthis event. The 78 � estimatesusingthebottomstress
formulation(9 and10) doesreproducetheflow reversalon
September22 (when

��� �	� 
���

opposesthe wind) between

thesurf zone( 78 L 1 a 4 cm/sat the4-m site)andthe inner
shelf ( 78 L 5�2�4 cm/sat the 13-m site). The flow reversal
observed betweenthe 4-m and 21-m siteson October14-
15 is alsopredicted.Thecrudedragformulation(9 and10)
contributesto errorsin themagnitudeof 78 � in thetransition
region betweenthesurf zoneandthe innershelf. Errorsin
thesignof 78 � (e.g. at the8-m siteon 22 Septemberwhere78 � L 1 < 2 cm/s and 78 L 5Ôm�4 cm/s)may occurbecause
of inaccurateestimationof the small residualstresswhen
opposingstressesfrom wave breakingandwind areabout
equal.

Overall, thesecomparisons(e.g. Figure14) suggestthat
(8) estimates78 well, giventheforcingandtheprescription(9
and10) for thebottomdragcoefficient. It is somewhatsur-
prisingthatthelineardragformulation(9 and10)worksthis
well, given its likely dependenceon waves,bottomrough-
ness,andstratification.To determinethesensitivity of 78�Õ to
variationsin x (seawardsof thesurfzone),thermsdifference
between78�Õ and 78 wascomputedasa functionof x over the
range

< 5Íl�43f < 4 A�y pu
 i . Seawardof thesurfzone,therms
erroris notsensitiveto x betweenmÖ5×Ò|f < 4 A�y pu
 i . Therms
differenceis moresensitive to low valuesof x thanto high

values.Clearly, bottomstressremainsa poorly understood
aspectof thesurf zoneandinnershelfdynamics.

4.2. Cross-shelf pressure gradient response

The cross-shelfpressuregradientbalanceswave, wind,
andCoriolis (associatedwith thealong-shelfflow) forces�����
 ° 5 <= ��� �	���
 1ØPSR �= 1 MON IK78 c (11)

Over mid shelf the present(Section3.2) and previous re-
sults indicatethat the cross-shelfbalance(11) is approxi-
mately geostrophic. However, as the depthdecreasesthe
cross-shelfwind andradiationstressesbecomemoreimpor-
tant.Thecross-shelfgradientof thedepth-averagedpressure
may be estimatedfrom (11) given cross-shelfdistributions
of depth,wave radiationstress

� ���
, cross-shelfwind stress,

andthe along-shelfcurrent 78 (which may be estimatedus-
ing (7) and(8), given thewave radiationstress

���	�
, along-

shelfwind stress,andalong-shelfpressuregradient).If, on
the inner shelf (seaward of the surf zone,where

��������
���

is negligible), thewind stressis approximatelyequalto the
bottom stressin the along-shelfmomentumbalance(e.g.78 ° PSR � 
 [ MON x ^ in (7), seeSection3.1) thenthecross-shelf
pressuregradient(11) dependsonly on the wave radiation
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stress
� ���

andthelocalwind stress�����
 ° 5 <= �����	���
 1 PSR �= 1 I PSR �x c (12)

To examinethe relative magnitudeof the threetermson
theright-handsideof 12),considerfirst theratioof thecross-
shelfwind stressto theCoriolis forceis

P R � 
 =I P R � 
 x L x�Ù�Ú�Û [²Ü ^I = (13)

wherean along-shelfwind stressdirection correspondstoÜ L 4 . Thedepth
=

wherethemagnitudeof the two terms
areequalasafunctionof thewind stressorientation,for mid
latitudes( I L < 4 A�y�i_A�k ) anda typicaldragcoefficientsea-
ward of the surf zone( x L 2Ýf < 4 A�y pu
 i ^ are shown in
Figure15a.For windsorientedÑ 2  relative to thecoastline,
as is often the caseat Duck, the cross-shelfwind stressis
abouthalf theCoriolisforcein 12-mdepthandthetermsare
approximatelyequalin 6-m depth(consistentwith observa-
tions,Figures10aand9a). Thecross-shelfwind stresswill
be relatively moreimportantat lower latitudeor if thedrag
coefficient is larger.

Observationalstudiesconcludingthatthecross-shelfmo-
mentumbalanceis primarily geostrophicareoftenin depths
greaterthan20 m, anddo not considerthe contribution of
wave-drivenset-down associatedwith nonbreakingsurface
waves in variable depth. In the presentobservations the
wave-radiationstressgradientsare at leastas large as the
cross-shelfwind stressand the Coriolis force in 4S[ < 4 p ^
depthseawardsof thesurf zone(Figures9b and10b). The
generalityof this resultis assessedby estimatingthesizeof= A�k ��������
���
 relative to the Coriolis term I PSR � 
 x andthe
cross-shelfwind stressPSR � 
 = .

Assumingnormallyincidentwavesfor simplicity, thera-
diationstressgivenby (A4) is����� LÐÞ ´ l�ß Îß 5 <l µ (14)

wherethephasespeedß L¯à 
�á andthegroupvelocity ß Î L� à 
���á follow from thelinearwavedispersionequationà C =t L á = Ù¤Ú�ÛSâ [ á = ^
whereà and

á
arethewaveradianfrequency andwavenum-

ber, respectively. Energy conservation(for thepresentcase
of nonbreakingwaves)yields

ÞØL [ Þ ß Î ^�ãß Î L M  tT+ Cã-ä ,/. 0< Ò�[ Ù¤Ú�Ûdâ [ á = ^ 1 á = i�å�æ â C [ á = ^�^
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Figure 15. (a) Depth where Coriolis force associated
with wind-driven along-shelfflow ç èKéê ç equalsthe cross-
shelf wind stress ç ëSìîí�ç ïqðOñ_ò , as a function of wind direc-
tion (13). An along-shelfdirectedwind correspondsto
0ó . (b) Depth where ç è�éê ç equalsthe radiationstressgra-
dient ô/ðOñ_ò�õ�ö�÷�ç ø�ù í�í ï�ø�ú]ç , as a function of ûÝüý/þ ÿ�� � ò í ïqë ì�í
(16). (c) Depthwhere ç ëSìîí�ç equals ç ø�ù í�í ï�ø�úÖç , asa func-
tion of û üý/þ ÿ�� � ò í ï�ëSìîí (17). Eachcurve in b) andc) corre-
spondsto the indicatedwave period. Termsestimatedwithè�� ��� ö	��
_ö�÷ , �
����� ��� ö	��� ï 
 , and ð ñ � ����������� ï ��� .
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with û ��� ì��! thedeepwatersignificantwaveheight.Substi-
tution into (14) yields

ù í	í � ð ó " û ü�#� ì��$ èÖô&%�õ��' (15)

where %(��)dò and

èÖô*%qõ+� � ï �-, % 
/.�021 ô&%qõ 0�
3021 ô&%�õ43576 1 ô*%qõ , % 
8.�021 ü ô*%qõ:9
Usingthedispersionequation,% dependson thenondimen-
sionaldepth; ü ò�ï " . Differentiationyields�ò ø�ù í�íø�ú � ���' ð ó û ü��� ý/þ ÿ ; � ò í"=< ô*%qõ (16)

where

< ô*%qõ+� è?>�ô&%qõ 0�@ 4 1 ô&%�õ%Gô 425�6 1 ô*%qõ , % 
/.�021 ü ô*%qõ�õ 9
Theratio of theradiationstresstermto theCoriolis termis
thusA �ò ø�ù í�íø�úCB ï A è�ëSì�D�EB � ð ó ���' " è#F û üý½þ ÿ�� � ò íë ì�D F ; � < ô&%�õ 9 (17)

Similar calculationsfor the ratio of ø�ù í	í ï�ø�ú and ëSìîí
yield ø�ù í�íø�ú ï�ë ìîí � ð ó��' F û üý/þ ÿ�� � ò íë ìîí F ; üHG ô&%qõ (18)

where

G ô*%qõI� ; ü ò" < ô*%qõI� è > ô*%qõ425�6 1 ô*%qõ , % 
/.�021 ü ô*%qõJ9
Thefunctions < and G dependrelatively stronglyon ; ü ò�ï "
(Figure16). For example,in shallow water GLK ò ö?M3N¤ü and< K ò ö	�2N�ü . In contrast,for wind stressesthat do not vary
in thecross-shelfdirection,thecross-shelfwind stresstermëSìîíOï�ò variesas ò ö�÷ andthe Coriolis term è�ëSì�D�ïO� is con-
stant. Theseratios ((17) and (18)) suggestwave radiation
stresseswill dominatein veryshallow water, evenwith non-
breakingwaves.

The depthwherethe ratio of the radiationstressto the
Coriolis term equalsunity (from (17)) is shown in Fig-
ure15b,for mid latitudesanda typical valueof thedragco-
efficient( �P�Q�+� ��� öR� � ï 
 õ , asafunctionof û üý/þ ÿ�� � ò í ïqë ì�D
for severalwaveperiods.At Duck, û üý/þ ÿ�� � andëSì�D arecorre-
latedsuchthattheir ratio is typically

� ô �7��S�TU� õ �#� ïWV . The
beachslopebetweenthe4-mand13-msitesis roughly0.01,
so û üý/þ ÿ�� � ò í ïqëSì�D K � 9 �XSY� 9 T . Wave periodsare

� ô ��� %qõ ,
so the ratio (17) is unity in about15-20 m depth(Figure
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Figure 16. Thefunctions< (16)andG (18)versusthenondi-
mensionaldepth; ü ò�ï " .
15b), qualitatively consistentwith the observation that the
terms are about equal in 13-m depth (Figure 10b). For
fixed û üý/þ ÿ�� � ò í ïqëSìHD , the radiationstressterm is important
in deeperwaterasthesurfacewaveperiod(andhencewave-
length)increases(Figure15b),reflectingthedependenceof< on thenondimensionaldepth(Figure16).

At mid latitudes,whenthewind directionis not closeto
cross-shelfdirected(e.g. whenthewind direction Z '�� ó in
Figure15a),thecross-shelfwind stressexceedstheCoriolis
termonly when ò[Z ��� � . However, the ù í�í gradientterm
alsousuallyexceedstheCoriolis termin depthslessthan10
m (Figure15b)andthe ù í�í gradienttermincreasesrapidly
asthedepthdecreasesfurther(Figure16). Underthesecir-
cumstances,the Coriolis force dominateson the mid-shelf,
the Coriolis and radiationstresstermsare 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 larger thanthe radiationstressterm offshore
(Figure15c). The depthwhere ë ìîí ï�ò equalsthe radiation
stresstermdependson û üý½þ ÿ�� � ò í ï�ëSìîí andthe wave period
((18) andFigure15c). The wave radiationstressgradient
from anenergeticoceanswell (e.g.

� � 
 periodwaveswithû ý½þ ÿ�� � � � � ) shoalingon a moderatelyslopingshelf(e.g.ò í � � 9 ��� � ) will exceedthe force of a strongcross-shelf
wind stress(

� 9 T VXï �×ü7\ 10 m wind speed
� ��]¸ï�% ) in less

than30m waterdepth(Figure15c).

Theabove results(e.g. Figure15band15c)suggestthatø�ù í	í ï�ø�ú , ëSìîíOï�ò , and è�ëSì�D�ïO� may be similar in magni-
tude seawards of the surf zone, in depthsof O(10-30m).
Within the surf zone, ëSì�íTï�ò and è�ëSì�D�ïO� arenegligible be-
causeø�ù í	í ï�ø�ú is ordersof magnitudelarger thanseaward
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Figure 17. Summaryschematicof thedominantcross-shelf
andalong-shelfmomentumbalancesin thesurf zone,inner
shelf,andmid shelfregions.Dashedlinesindicatetransition
zoneswheremomentumbalancesmaybemorecomplicated.

of thesurfzone[Longuet-Higgins and Stewart, 1964;Bowen
et al., 1968].Although, ø�ù í�D ï�ø�ú wasneglectedoffshoreof
thesurfzone12),it candrivesubstantialalong-shelfcurrents
in thesurfzone.Hence,in thesurf zone(11) reducestoø?`ø�ú K S �ò ø�ù í�íø�ú SÉè � ø�ù í�Dø�ú (19)

using(7) with a surf zonebalancebetweenradiationstress
gradientsandbottomfriction. Theratio of thetwo termson
theright-handsideof (19) isô�è�ïW��õ�ø�ù í�D ï�ø�úô½ø�ù í�í ï�ø�ú�õ�ï�ò � è�ò� 
/a 6 ô �Wb õô 0�@U
 ô �Wb õ ,:� õ (20)

using(A2) and(A4), assumingshallow waterwaves( cedc  ) and similar cross-shelfscalesfor the divergences,and
with

b � � correspondingto normallyincidentwaves.

Theratioof thefrictionalandCoriolistimescales( è�ò�ïW�f�è	gih ) is about0.1 for òQ�j��] , �L�k�e� ��� ö?� ] ï7% , andèl� ��� ö	� � ï7% . The other fraction involving the incident
wave angle

b
is alwayslessthan0.6, andfor waveswithin��� ó of normally incidentis 0.1 or less.Thus,(19) suggests

that undermostsurf zoneconditionsthe pressuregradient
associatedwith wave-drivenset-upwill beat leastanorder
of magnitudelarger thanthe geostrophicpressuregradient
associatedwith thewave-drivenalong-shelfcurrentjet.

5. Summary

Estimatesof terms in the along-shelfand cross-shelf
momentumbalancesindicatethreedynamicallydistinct re-
gions: the surf zone,the inner shelf betweenthe offshore
edgeof the surf zoneand the 13-m isobath,and the mid
shelf extendingoffshoreof the 13-m isobath(Figure 17).
Consistentwith previous studies,breakingsurfacegravity
wavesprovide the dominantforcing in the surf zone. The
cross-shelfdivergencein the cross-shelfcomponentof the

wave-radiationstressø�ù í	í ï�ø�ú is muchlargerthantheother
estimatedtermssuggestingit is balancedby a cross-shelf
pressuregradient(i.e. wave setupthat could not be esti-
matedwith thesedata). Thepresentestimatesalsosupport
previousconclusions[Thornton and Guza, 1986;Feddersen
et al., 1998]thatthecross-shelfdivergencein thealong-shelf
componentof thewave-radiationstressø�ù í�D ï�ø�ú is largely
balancedby bottom stress. This balancerequiresa linear
dragcoefficient for thesubtidalflow in thesurf zonethat is
about10timeslargerthanthedragcoefficientseawardof the
surf zone.

The cross-shelfmomentumbalanceat mid shelf is pre-
dominantlygeostrophic,theCoriolis forcedueto thealong-
shelf currentbalancesthe cross-shelfpressuregradient,as
foundelsewhere[Brown et al., 1985,1987;Lee et al., 1984,1989].
At this site the along-shelfflow is geostrophicinto fairly
shallow water, the 21-m isobath. The along-shelfmomen-
tum balanceat mid shelf is more complex. The wind
stressandthe along-shelfpressuregradienttermsaresim-
ilar in magnitudeandarebalancedby bothaccelerationsand
bottom stress,consistentwith previous studies[Allen and
Smith, 1981;Lentz and Winant, 1986;Lee et al., 1984,1989;
Lentz, 1994].

Betweenthe surf zoneandmid shelf is a transitionre-
gion referredto as the inner shelf, hereextendingroughly
from the4-m to the13-misobath.Thealong-shelfmomen-
tum balanceover the inner shelf is predominantlybetween
wind andbottomstresses,consistentwith the few previous
studiesof themomentumbalancein 10 m to 15 m of water
[Lentz and Winant, 1986;Lee et al., 1989].Along-shelfpres-
suregradientswereimportantover the innershelfduringa
few eventsassociatedwith alow-salinityplumefrom Chesa-
peake Bay, approximately100 km north of the study site
[Rennie et al., 1999]. In thecross-shelfdirection,theCori-
olis forcedueto thealong-shelfcurrent,ø�ù í�í ï�ø�ú from the
shoalingof unbrokensurfacegravity waves,andthe cross-
shelf pressuregradientall have similar magnitudes. The
cross-shelfwind stressis nevera dominantterm.Thecross-
shelfwind stressis similarin magnitudeto theCoriolisforce
atthe8-msite,consistentwith theresultsof Lee et al. [1989]
at 10 m waterdepthin the SouthAtlantic Bight. However
theradiationstressgradientø�ù í	í ï�ø�ú , a termnotconsidered
by Lee et al. [1989], dominatesat the 8-m site. Assuming
the cross-shelfpressuregradientbalancesthe other terms,
the pressuregradientmay be thoughtof asa superposition
of a geostrophicalong-shelfflow andwave setdown. The
strongestalong-shelfcurrentscoincidedwith thelargestsur-
facewaves,andgeostrophicsetup(southeastwardflows)and
wave setdown approximatelycancelledin 13-m depth,re-
sultingin anearlyflat meanseasurfaceduringsomeevents.

On both the inner and mid shelf, the depth-averaged



LENTZ ET AL.: MOMENTUM BALANCES ON THE NORTH CAROLINA INNER SHELF 21

cross-shelfpressuregradientincludesa barocliniccompo-
nent(cross-shelfdensitygradient)thatbalancesaboutone-
third to one-halfof the barotropiccomponent(cross-shelf
sea-surfaceslope). This contrastswith resultsfor winter in
theSouthAtlantic Bight whereof estimatesof thebaroclinic
component(from shipboardCTD surveys)weresmallcom-
paredto thebarotropiccomponent[Lee et al., 1984,1989].
The baroclinic cross-shelfpressuregradientis in thermal
wind balancewith theverticalshearin thealong-shelfflow
in waterasshallow as10m.

The depth-averagedcross-shelfvelocitiesare too small
to estimateaccuratelyfrom the observations,but the ten-
dency for thealong-shelfmomentumbalanceto closewith-
out including theCoriolis force èZém (Figures8 and14) sug-
gests èZém 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
Lee et al. [1984,1989]find è ém is largeover theoutershelf
in theSouthAtlantic Bight. In general,thedepth-averaged
cross-shelfflow remainspoorly understood.If èZém is small,
the along-shelfandcross-shelfdepth-averagedmomentum
balancesdecoupleand the along-shelfmomentumbalance
in thesethree regions provides a simple estimateof the
depth-averagedalong-shelfcurrentin termsof the forcing,
i.e. along-shelfwind andwave stressesandthealong-shelf
pressuregradient. This simple estimatereproducesaccu-
rately the observeddepth-averagedalong-shelfcurrentand
its cross-shelfvariationfrom thesurfzoneto mid shelfgiven
alineardragcoefficientof �I� ��� ö?�i� ï 
 within thesurfzone
and ��� ��� öR�+� ï 
 seawardof thesurfzone.

Appendix
Theprocedurefor estimatingtermsin thedepth-averaged

momentumbalances(1) and (2) is describedin Appendix
A.1. Uncertaintiesin the estimatesare discussedin Ap-
pendixA.2 andbottomstressestimatesfrom thelineardrag
law arecomparedto log-profileestimatesin AppendixA.3.

A1. Estimation of Terms

Termsin themomentumbalancesareestimatedusingthe
hourly dataandthenlow-passfiltered (half-power point 38
hours)to focuson subtidalvariability. Vertical integralsare
estimatedusinga trapezoidalrule andassumingno vertical
variationsnearthe boundariesto extrapolateto the surface
andbottom.

Accelerations

Time derivatives are estimatedas centereddifferences
over two hourintervals.

Pressure Gradients

Thedepth-averagepressuregradientin (1,2) is estimated
from the bottompressureand densitydataby substituting
(4) into (3) or theequivalentequationfor ø?`�ï�ø	n . Theden-
sity term in (3) is estimatedmoreeasily from the moored
observationsby notingthatokp
ö?q " ø�ðø�ú ô �r,tsò õHuUsX� øø�ú okp

ö?q ð " u�s ,
�ò øø�ú okp

ö?q ð " s�uUs 9(A1)
The integralson the right-handsideareestimatedfor each
mooring site where density estimatesare available. The
cross-shelfgradientsof thebottompressureandthedensity
integralsareestimatedasfinite differencesroughlycentered
on thesiteof interest.For example,thecross-shelfpressure
gradientestimatefor the21-msiteis thedifferencebetween
bottom pressureand densityestimatesfrom the 26-m and
5-m sites(bottompressureat the5-m siteanddensityfrom
theFRFpier site)dividedby theseparation.The13-mesti-
mateis from the21-mand5-msitesandthe26-mestimateis
fromthe33-mand5-msites(Figure2). Accuratecross-shelf
pressuregradientscanbemadeonly for the13-m,21-mand
26-msites.Thebottompressureanddensitymeasurements
at the 13-m and5-m sitesweretoo closetogether(separa-
tion 1 km) to make reliableestimatesof the depth-average
pressuregradient.Therearebottompressure,but nodensity
measurements,offshoreof the26-msite (Figure2). There-
fore thedensitygradienttermin (3) for the26-msiteis esti-
matedusingobservationsfrom the21-mand26-msites.

Along-shelfpressuregradientsareestimatedalongthe5-
m and the 21-m isobathsusing data from the along-shelf
pressure/densityarray (Figure 1). Density along the 5-m
isobathis assumedvertically uniform becausetemperature
andconductivity weremeasuredatonly onedepth.Pressure
gradientsalongthe5-m isobathareestimatedasdifferences
betweenmeasurementsfrom thesites17km northandsouth
of thecentralline. Pressuregradientsalongthe21-misobath
areestimatedasdifferencesbetweenmeasurementsfrom the
sites32 km northand27 km southof thecentralline. Pres-
suregradientestimatesfrom differentpairsof bottompres-
suresensorsalongeitherthe 5-m or 21-m isobathsyielded
similar estimates.Thepressuregradientestimatealongthe
5-m isobathis comparedwith theothertermsin thealong-
shelfmomentumbalancefrom the4-m,8-m and13-msites
and the pressuregradientalong 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]andtheFRFpierwinds.Otherneu-
tral andnon-neutralbulk estimates[Fairall et al., 1996]give
nearly identical wind stresses[Austin, 1998]. No attempt
hasbeenmadeto accountfor theinfluenceof wavesandthe
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shallownessof the water in the drag law usedbecausethe
dependenceof the dragcoefficientson theseeffects is not
understoodwell [Geernaert, 1988].TheFRFpierwindsare
usedbecausethereis acontinuoustimeseriesover thedura-
tion of thestudyandthepier wind measurementsarenearly
identicalto thewind measurementsat the21-msite(magni-
tudeof thevectorcorrelationis 0.98).

Bottomstressis estimatedassuminga lineardraglaw (5)
with �v�w�x� ��� ö	�y� ï 
 . This choiceis motivatedby sim-
plicity andthepoorunderstandingof thefactorsinfluencing
bottomstressin thesurf zoneandinnershelf.Bottomstress
estimatesfrom (5) arecomparedwith log-profile estimates
usingbottomtripod measurementsat the 21-m site in Ap-
pendixA.3.

Wave-radiationstressesareestimatedin 8-m depthfrom
theFRFwave-directionalarraydataandadirectional-moment-
estimationtechnique[Elgar et al., 1994].To estimateù í�D at
otherlocations,thedepthandsurfacewavepropertiesareas-
sumednot to vary in thealong-shelfdirection,andthewave
field is assumednarrow-bandedin bothfrequency anddirec-
tion. In thiscase[Longuet-Higgins and Stewart, 1964]ù í�D �YzPc  
/a 6 ô �Wb õ¤ïOô � c_õ \ (A2)

where zw� ð ñ " û üý/þ ÿ ï ��' is thewave energy, û ý/þ ÿ is thesig-
nificantwave height, ð ó is a referencedensity, " is gravita-
tionalacceleration,c  and c arethe(lineartheory)groupand
phasevelocities,respectively, at the peakwave frequency.
Theangle

b
in 8-mdepthis chosensuchthat ù í�D from (A2)

equalsthe measuredù í�D in 8-m depth(usingvaluesof z ,
andof c and c  basedon the peakfrequency, measuredin
8-mdepth)[Thornton and Guza, 1986].

Thecross-shelfgradientin ù í�D ateachmeasurementsite,
using(A2) andSnell’sLaw is givenbyø�ù í�Dø�ú �Q{ 
8a 6 ô b õ�ïWc (A3)

wherethe wave dissipation{|�¶øÖô}z~c  0�@�
 ô b õ�õ¤ï�ø�ú is esti-
matedusingthe modelof Whitford andThornton[Church
and Thornton, 1993], with ��� � 9�� � and ��� � 9 � [Chen
et al., 1997]. Themodeleddissipationratedependslinearly
on the local bottomslope(estimatedfrom bathymetricsur-
veys, Figure2) andon the local wave energy (obtainedby
applying linear theory to the bottom pressurespectrumat
sea-swellfrequenciesmeasuredneareachmooring/tower.)
Cross-shelfgradientsof

ù í�í �YzC� c  c�� �r, 0�@U
 ü ô b õ8� S ���� (A4)

wereestimatedsimilarly usingestimatesof the dissipation
from themodelandestimatesof z andthe peakwave fre-
quency from observationsat eachsite. When there is no

wave breaking,ù í�D gradientsvanish,but ù í�í gradientsare
nonzero[e.g.Longuet-Higgins and Stewart, 1964,and(16)].

A2. Uncertainties

Uncertaintiesin theestimatesdescribedabovecannotbe
quantifiedaccuratelybecauseinstrumentperformancein the
field is not understoodwell and becausespatialscalesof
variationareunknown. Nevertheless,a qualitative discus-
sionof uncertaintiesprovidessomecontext for interpreting
theestimatespresentedin Section3.

Errors in the depth-averagedvelocity estimatesinclude
currentspeedanddirectionmeasurementerrorsanderrorsin
estimatingthedepth-averagedcurrentsfrom afew vertically
spacedcurrentmeasurements.Thecurrentmetershaveare-
portedaccuracy of 2-3 cm/s[Beardsley, 1987;Guza et al.,
1988]. Uncertaintiesin orientationhave a larger impacton
thecross-shelfvelocitiesthanalong-shelfvelocitiesbecause
theflowsarestronglypolarized(Table1). Thelargestsource
of error in estimatingdepth-averagesis probablyextrapola-
tion of thecurrentprofilesto thesurfaceandbottom.How-
ever, comparisonof the standardestimateat the 21-m site
with an estimateincorporatingnear-surfaceOSCAR[Shay
et al., 1998]andnearbottomtripod (AppendixA.3) current
measurementsyieldedrmsdifferencesin depth-averagedve-
locities of 1 cm/s. Maximum differenceswere5 cm/s for
hourly dataand3 cm/sfor low-passfiltereddata.This sug-
gestsdepth-averagingat this sitedoesnot increasesubstan-
tially the uncertaintyin the estimatesover the uncertainty
in the individual currentmeasurements.Currentmeterun-
certaintiesincludewave-inducedbiasesthat may affect all
instrumentson a mooring and thus it can not be assumed
that depth-averagingwill reducethe uncertaintyfrom that
for an individual currentmeter. Therefore� m � � 0�� ï 
 is
theassumeduncertaintyin boththecurrentsandthedepth-
averagedcurrents. The subtidalaccelerationshave an es-
timateduncertaintyof � m ï��X� , wherea �~� of 9 hourswas
chosenasapproximatelyaquarterof the38hourcut-off pe-
riod for thelow-passfilter (TableA1). Estimateduncertainty
in theCoriolis termis è?� m .

Parallelplatepressureportswereaddedto theSeagauges
to reduceflow noise.Basedonflumetests(flow speedsof 6
- 40 cm/s),andon oceandeploymentsof severalsensorsat
thesamesite,thepressuremeasurementshavea relativeac-
curacy of 0.1-0.2mb. Theinfluenceof wavesonthepressure
measurementsis notknown. Comparisonsof theSeagauges
andSetrapressuresensorsat the5-m and21-mcentralline
sitesindicaterelative accuraciesbetweenthesepairsof d 1
mb. Uncertaintiesin thebottompressuregradienttermsare���7� ô}�W`��¤ï7�jú�õ�ï�ðTñ (100is theconversionfrom �X� to V3ï �sü ),
where�W`�� is assumedto be0.2mbfor Seagaugepairsand1
mbfor Seagauge-Setrapairs.Uncertaintiesin thedensityare
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Term 4-m 8-m 13-m 21-m 26-m� m ï��X� 0.1 0.1 0.1 0.1 0.1è?� m 0.3 0.3 0.3 0.3 0.3�W`���ïdô/ðOñ��jú�õ - 11.7 0.4 0.7 0.3" ò��qðdïOô½ðTñ��jú�õ - 0.9 0.3 0.1 0.1�W`���ïdô/ðOñ��Xndõ 0.06 - - 0.03 -" ò��qðdïOô½ðTñ��Xndõ 0.02 - - 0.08 -�qëSì_ïdô/ðOñ_ò�õ 0.7 0.4 0.2 0.1 0.1�që � ïOô½ðTñ	ò�õ 0.4 0.2 0.1 0.1 0.1

Table A1. A1. Estimateduncertaintiesin the termsof the
cross-shelfandalong-shelfmomentumbalances(1) and(2).
Unitsare

��� ö?M�� ï 
¤ü .
estimatedto be

� 9 �I��� ï �#� basedoncomparisonswith ship-
boardCTD measurementsandbetweenadjacentinstruments
on the samemooringwhenthe watercolumnis thoughtto
bewell mixed.Uncertaintiesariseprimarily fromdrift of the
conductivity cells [Alessi et al., 1996]. Uncertaintiesin the
depth-averageddensitiesdueto having only two instruments
at the northernandsouthern21-m siteswereestimatedby
comparingdepth-averagesusingall four instrumentsat the
central21-msitewith estimatesusingonly two instruments.
RMS differenceswere

� 9 � � ��� ï �#� . Thus, �qð is assumed
to be

� 9 �f��� ï � � except for the along-shelfgradientat the
21-m site whereit is assumedto be

� 9 � � ��� ï ��� . Uncer-
taintiesin the baroclinicpressuregradientareestimatedas" ò��qðdïOô½ðTñ��jú�õ . There is additionaluncertaintyassociated
with cross-shelfvariationsin ø?`�ï�ø	n between5 m and13
m andbetween21 m and26 m becauseø?`�ï�øRn is only esti-
matedalongtwo isobaths.

Hourly wind stressestimatesfrom the FRF pier andthe
21-msite(separationd 5 km) havermsdifferencesof

�?S
� ���� ö�ü V3ï �sü . Thesedifferencesarepresumablyfrom both
instrumentinaccuraciesand spatialvariationsin the wind
which is assumedto be spatiallyuniform. Thus, the esti-
mateduncertaintyis �qëSì_ïOô½ðTñ	ò�õ with �qëSì�� � � ��� ö�ü V3ï �sü .
Anothermajor sourceof uncertaintyis the dragcoefficient
in shallow waterandits dependenceon seastateandwind
direction(fetch). A summaryof dragcoefficient estimates
in shallow waterby [Geernaert, 1988] suggestsuncertain-
tiesof about20%. Recentevidencesuggeststhedragcoef-
ficient over theinnershelfmaybedifferentfor onshoreand
offshorewinds[Friedrichs and Wright, 1998].

Uncertaintiesin the bottomstressterm owing to uncer-
taintiesin the currentmeasurementsare �W� m ï�ò . However,
of moreconcernis the dependenceof � on factorssuchas
waves,bottomroughness,andstratification,andmoregen-
erallytheappropriatenessof alineardraglaw for parameter-
izing bottomstress.A comparisonof thelineardragandlog-
profileestimatesof bottomstressat the21-msiteis givenin
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Figure A1. Time seriesof along-shelfbottomstressat the
21-m site estimatedusinga linear draglaw with ���k������ ö	��� ï 
 andlog-profilesfrom eithera bottomtripod or a
bottomtetrapod.Tetrapod-basedestimatesareshownduring
August,whena tripodandtetrapodwerebothdeployed.

AppendixA.3.

Theradiationstressgradientestimatesarecrude. Errors
areowing to uncertaintiesin thebottomslope,errorsin lin-
eartheory, anderrorsin modelbasedestimatesof thebreak-
ing wave dissipationrate. The radiationstressgradientes-
timatesfor nonbreakingwavesareprobablyaccuratewithin
50%, but may be lessaccuratefor breakingwaves. When
the fractionof wavesbreakingis low, but not negligible, as
occursin theregion borderingtheseawardedgeof thesurf
zone,the true ù í�í gradientchangessign andthe estimates
mayhave largerfractionalerrorsand/orthewrongsign.

A3. Bottom Stress Estimates

Thelineardragformulationusedtoestimatebottomstress
is crudebecauseit doesnotaccountfor factorssuchasvari-
ability in bottomroughnessandsurfacegravity waves.Bot-
tom tripod andtetrapod[Kim et al., 1997] deploymentsat
the21-msiteprovide independentbottomstressestimates.

The 1-m tall tetrapodssupportedfour Marsh-McBirney
electromagneticcurrentmeterssamplingat 1 Hz for 1024
secondsevery 4 hours, and an altimeter that determined
the sensorelevationsabove the seafloor. Therewere30-
day tetrapoddeploymentsduring August and during Oc-
tober. The 5-m tall bottom tripods supportedfive BASS
currentmeters[Williams et al., 1987] and seven thermis-
tors. Currentsweresamplednearlycontinuouslyat approx-
imately1.5Hz. Therewere30-daytripoddeploymentsdur-
ing July-Augustandduring September. Thereis generally
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Filtered
Duration CurrentMeter

Deployment ë � D ë � í Days Elevation(m)
Full timeseries 0.81� 0.45� 74
Aug tetrapod 0.79� 0.39 20 0.06,0.35,0.66,0.95
Oct tetrapod 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 0.89� 0.52 26 0.24,0.60,1.20,2.55,4.44

Table A2. Correlationsbetweensubtidalbottomstressesestimatedat the21-msite from a lineardraglaw (usingmooring
observations)andlog-profiles(usingtripodandtetrapodobservations).Thedurationof measurementsusedin thecorrelations
andcurrentmeterelevationsabove theseafloor arealsogiven. � denotescorrelationssignificantlydifferentfrom zeroat the
95%confidencelevel.

goodagreementbetweenthenearest-bottomVMCM (eleva-
tion 1.5 m) on the21-mmooringandtheBASStripod and
EMCM tetrapodcurrentmeasurements,with the exception
of theOctobertetrapoddeploymentwhenalong-shelftetra-
podvelocitiesexceededtheVMCM velocities,despitebeing
closerto thebottom. It is unclearwhich measurementsare
correct.

Bottomstressesareestimatedfrom the tripod andtetra-
poddatausingalog-profiletechnique[e.g.Kim et al., 1997].
Only thetwo sensorsclosestto theseafloor areusedto esti-
matebottomstressasthereis curvaturein thespeedprofiles,
perhapsbecausethewatercolumnis oftenstratifiedwithin a
few metersof thebottom.Usingthelowestthree,ratherthan
the lowesttwo sensorshaslittle effect on thebottomstress
estimatesexceptduringOctoberwhentheprofile curvature
is persistentandstrong.

Thealong-shelfbottomstressestimatesfrom log-profiles
and the linear drag law agreewell (Figure A1). Zero-lag
correlationsare0.79or greaterfor eachtripod/tetrapodde-
ploymentandfor thecombinedtimeseries(TableA2). The
mostnotablediscrepanciesarethe threeeventsin October
whenthelog-profileestimatesyield bottomstressesthatare
abouttwice aslargeasthelineardraglaw (FigureA1). It is
unclearwhich estimateis moreaccurate.If log-profileesti-
matesof bottomstressareusedinsteadof lineardraglaw es-
timates,thecorrelationbetweenforcingandflow responseat
the21-msiteis slightly (thoughnotsignificantly)increased,
from 0.88(Table3) to 0.91.Correlationsbetweenlinearand
log-profilebottomstressestimatesaresmallerfor theweaker
cross-shelfcomponentof bottomstress(TableA2), but the
magnitudesof bothestimatesaresimilar andmuchsmaller
thanothertermsin thecross-shelfmomentumbalance(Ta-
ble4). As log-profileestimatesareavailableonlyatthe21-m
site,thelineardraglaw is usedatall sites.
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