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RESUMEN

En este trabajo se utiliza un modelo numérico barotrópico de una capa,
formulado en elementosfinitos, para estudiar la circulación asociadaa la
submareainvernal en la plataforma continental del surestebrasileño. En
concretose determinala respuestade las aguascontinentalesal efecto del
viento en dos casos:a) con vientosvariablesen espacioy tiempo, obtenidos
de un modelo conceptualde frentes fríos; y b) con un campo de vientos
derivadode observacionesen estacionescosterasy mapassinópticos. Los
resultadosde estosexperimentosse utilizaron para determinarlos balances
de vorticidad y cantidadde movimientodominante.Asimismo,con objeto de
analizarla apa;iciónde ondascuasi-inercialessedesarrollóun modelosimpli-
ficado de resonancia.Finalmente,paraexplicar la propagaciónde las señales
de niveles anómalosdel mar se realizaronanálisis de correlaciónde tales
anomalíasentrevariospuntosa lo largo de la costay de la dispersiónde las
olas en aguascontinentaleslibres.





The subtidal wintertime dynamics of the
South Brazilian Bight as seenthrough a

barotropie circulation model

JosS L. STECH andJoAo A. LOREIÑZZETI

National Institutefor SpaceResearch
Division of Earth Sciences

SáoJosédos Campos, SP., C.P.515. Brazil

ABSTRACT

The wintertimesubtidalcirculationdynamicsof thesoutheastcontinental
shelf of Brazil are studied using a one-layerbarotropic numerical model
formulated in finite elements.The responseof the shellwaters to the wind
forcing was studiedfor two cases:a) variable temporaland spatial wind,
obtainedfrom aconceptualmodel of cold fronts; andb) a wind ficíd obtained
from coastalstationsandsynopticcharts.The resultsfrom theseexperiments
wereusedto determinethe dominantmomentumand vorticity balances.A
simplified resonancemodel was developedto explain the appearanceof
quasi-inertial waves. Correlation analysis of sea level anomaliesbetween
varíouspointsalong the coastandthe dispersionrelationof free continental
shelf waveswere usedto explain the propagationof the sealevel anomaly
signalspresentin the numericalresults.

1. INTRODUCTION

Although sometimesconsideredas only a specializationof the methods
employedin largescalephysicaloceanography,the studyof the processesof
oceaniccirculationover the continentalshelveshasits own pecularities.For
example, the small deptbs (i.e., O - 200 m) observedin theseregions make
both the bottom topographiceffect andthe bottom friction very important,
in greatcontrastto the deepocean. Also, the proximity of the coast is a
strongconstrainton theflow, with theresultthat thecros-shoreflow becomes
negligible as the coastlineis approached.This effect, togetherwith the fact
that the shelf width is much smaller than its alongshoredimension, algo
results in a predominantlyalongshelfflow. Similar to the deepocean, the
~effectsof rotation (Coriolis acceleration)eannotbe neglectedfor continental
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shelves,due to greatalongshelfdimension for most of theseregions (100
1.000 km) and the time sealesfrom days to weeksfor energeticevents.

In general, three approachs can be usedforthe studyof the dynamicsof
the continentalshelves:a) ficíd work for the collection of an extensivedata
set, including current meter moorings, sea level gauges, hydrographic
stations, and meteorologicalmeasurements;b) analytical studiesenvolving
the solution of sorne simplified version of the hydrodynamicequationsof
motion; andc) numericalmodelling. The first approachis alwaysdesirable,
but the high costs andthe complex logisties involved are an impedingfactor
¡n most cases.Analytical studiesare of great use in providing the basic
theoreticalbackgroundfor interpretingthe resultsof bothnumericalmodels
andficíd work. Their limitations are assocíatedwith the many simplifications
madein the equationsin orderto obtain a mathematicallytractableproblem.

At present,the availability of computerresourcesof greatcapacitywith
moderatecosts,hasmadenumerícalmodellingapproacha very efficient tool,
for the study of continentalshelfprocesses.One of the main advantagesof
this techniqueis the easeof usingthe fulí set of hydrodynamicequations,and
of incorporatingthe realbottom topographyand coastlinegeometry,which
results in much more realistic boundaryconditions.

It should be noted,however,that the choice of the tecniqueof numerical
modelling also allows somesimplificationsbe madefor specific applications.
For example,during the winter seasonthe rnixed layerover the continental
shelf is generallywell developed,with the watercolumn showingonly small
vertical variations in témperatureand salinity. For Ihis situation,the use of
one-layer,barotropic two-dimensionalnumerical models have producedin
rnany casessatisfactory results in the description of the coastal circulation
(cg. Kourafalou et aL, 1984).

For the summerseason,the increasein solarradiation andthe weakening
of the surfacewind speedresult an mercasein the vertical stratification over
the water colurnn. In such cases,multi-layer barocliniemodelsare necessary
for an adequaterepresentationof the vertical shearspresent(Leendertseet
al., 1975, Signorini, 1979). For caseswhere a well developedpycnocline is
present, acting as a material interface separatingtwo fluids of different
densities,satisfactoryresultscan be obtainedusingtwo-layer modelsto study
coastalcirculation(Lorenzzetticí aL, 1988).

The South Btázilian Bight (5513) is defined as the southeastern
continentalshelfregionof Brazil, extendingfrom Cabode SáoTomé(lat. 220
00’S, long. 410 00’W) to Cabode SantaMarta (lat. 280 37’S, long.480 49’W)
CastroFilho (1985).The bottomtopographyis very smoothwith the isobaths
tending to follow the coastline; the shelf break is located between the
150-200m isobaths.The shelfwidth vanesbetween70km in front CaboEno,
to 200 km iii front of Santos,in the central part of this shelf region (fig. 1).

Analysis of hydrographicdatacollected in this regionshows that for the
summerseason,the water column is predominantlystratified in a two-layer
mode,with a strongthermoclinelocated25-35 m beneaththe surface.During
the winter. the watcrs assumea weak vertical stratificationfor thc inner and



11. The subíidalwiníeríimedynamiesal the SouthBrazilian... 285

s.

Figure l—Map of the South Brazilian Bight (SBB) with isobaths (dashed lines) in rneters. The
tidal and meteorological stationpositions referred to in thc texí are indicated Uy rcspective
names.

mid-shelf regions;a noteciablestratification is presentthroughoutthe year
near the shelf break due to inshore intrusions of Brazik Current Waters
(Matsuura, 1983; Miranda, 1982; Castro Eilho, 1985; Castro Filho et aL,
1987).

Thus, the hydrographicdatacollected in the 51313 indicate that for the
winter time, the implementationof a barotropiecirculation model could be
usedto describethe main dynamicalcharacteristiesof the region. Therefore.
with theseargumentsin mmd, a onc-layerbarotropienumericalmodel.using
the techniqueof finite elements is implemented for the region with ihe
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purpose of studying its wintcr time circulation. Thc focus of this study is to
provide a betterunderstandingof the responseof theseshelf waters to wind
forcing in the low frequency subtidal band.

2. DATA DESCRIPTIONN, PROCESSING AND ANALYSIS

2. 1. Data Description

The surfacewind data used in this study wcre collected at 0, 6, 12, 18
hours(local time) during the southernhemispherewinter (dul/Aug/ Sep),for
thc years 1980-1985,at thc following coastalmeteorologicalstations: Santa
Marta, Arvoredo, líha Rasaand SáoTomé(fig. 1). Geostrophicwind data,
obtainedfrom surfacesynopticweathercharts,were used to filí the missing
wind data.

Infrared images from the GOES-Wsatellitewereusedwith the purpose of
analysingthe patternof propagation,the frequencyof cold front penetration
tn the region and to verify the consistencyof the wind datacollected by the
coastalstations.

Coastal sea level data were obtained from the following tidai gauge
stations: Imbituba, Paranaguá,Cananéia,Rio de Janeiroand Cabo Eno
areas(Hg. 1). Atmosphericsurfacepressure,usedto correctthe low frequency
barometric effect on the sea level data, were also collected at these
meteorologicalstations.

2.2. Dala processing

Several interpolation techniqucs weretestedin orderto filí the gapsin the
time series of alí the datasas. Each techniquewas tested by introducing
artificial gapsin good portionsof severalof thetime seriesandcomparingthe
interpolatedresults againts dic original data. TEe best overail results werc
obtained with thc linear interpolation. It is speculatedthat the higher order
interpolation tecniquesdid not produce good results due to the strong
contentof high frecuencyenergypresentin the data. After the interpolation
procedure, a!! time serieswere filtered, using a 40 hour low-pass Lanczos
square digital filter (Walter and Heston, 1972) in order to remove high
frequencyenergyin the data.

2.3. Dala analys¡s

Stick plots of thc wind vectorscollected at the coastalmeteorological
stationsfor the winter of 1984, are shownin figure 2. It can be observedthat
the dominant winds are froni northeast/north,varying to southwest/soutb
with the penetrationof the cold fronts in the region. In general,thestrongest
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windstend to befound in thesouthernpart of the domain. In the centralpart
of the region, a markedweakeningof the wind was observed.This effect is
probablycausedby the orographiceffectsof the Serrado Mar, a mountain
range on the order of 700 m high, adjacent to the coast. This effect is
particulary strong at the Moela coastalstation, located betweenCananéia
and Sáo Sebastiáo.For this reason,the wind datacollected at this station
wereomitted from this study.

In order to filí the gap in the wind data for the central part of the domain,
synoptic meteorologicalcharts were used to derive the geostrophicwind
which was then corrected to its surfacevalue by the simplified model of
atmosphericboundarylayergiven by Hasse(1974).
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Figure 2. Low-pass filíered surface winds at Santa Maria. Arvoredo, lIlia Rusa and Cabo Frio
[nr tbe winter of £984.
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To trackthe penetrationanddisplacementof cold fronts in the region, the
cloud field presentin the infrared images of the GOES-W satellite was
vísually analysedfor 0, 12, 18 and 21 hours GMT, for the years 1980-1985.
The images were obtained by the National Institute for SpaceResearch
(INPE). This analysis revealed that the fronts tend to propagatein the
alongshoredirection, from southwestto northeast,with a meantime of 2
days loe a particuiar front to cross the whoie region. This corresponds,
therefore,to a mean velocity of 500 km day<. It was also observedthat
aproximately 15 % of the cold fronts, penetratingthe southernpart of the
domain, veer offshore and do not reachthe Cabo Frio region. Upper level
cyclonic vortices, which . produce a strong increase in cloudness and
precipitation in the region, were also detectedin satellite images. On the
average,this visual analysis showedthat a cold front entersthe regionevery
6 days. A summaryof this analysis is given in Table 1.

Statistics of winíer time cold [ront penetrations on the southeast Brazilian coast derived
ram analysis of IR images of GOES-Wsattellite. Resulis lar ¡984 are anomalous dueto

missing dMa lar the month of augusí caused Uy problcms in the sattellite.

I-roaís Eratsls Mean Time Lag between
in bel ween Sta. Maria Aítnasph.Year in 2 Franls S&o Tomé Vartiees

51ff Maria 5. Tomé <d) (dais)

1980 16 15 5.5 2.0 3
1981 II lO 6.9 2.1 2
1982 13 II 6.1 £8 2
1983 13 II 6.2 1.9
1984* 8 7 6.3 ¡.9 4
£985 ¡3 £1 6.6 ¡.8 7

Fhc time¡ spacecorrelation of the wind betweentwo diíferent coastal
stations was determinedIrom the vector correlation techniqueof Kundu
(1976).TEtis method allows thedeterminationof tEte laggedlinearcorrelation
betweentwo vectorial time serieswith the results being independentof the
oríentation of the coordinatesystemused to decomposethe wind vector.
1ablc II showstEte resultsofthisanalysisfor tEte wintermonthsof 1984 using
the SantaMarta station as tEte reference.

The results in Table II show that the lag correspondingto a maxímum
correlationmercasesfrorn 6 hoursbetweenSantaMartaand Arvoredo,to 42
hours between Santa Marta and Sáo Tomé at the extreme north of the
domain. This gradual increaseof lag is consistent with the alongshore
propagationof caíd fronts previously described.A relatively high degreeof
w¡nd correlationon the order of 0.70 is observedfor the whole area.
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TABI.e II

Vector laggedcorrelationcoefficientsbetweenthe winds at SantaMarta and Arvoredo,
líha Rasa and Sáo Tomé stations (fig. 1).

Lag

(haurs)

LaggedCarrelatian CoefjYeient

Sta. María
Arvaredo

Sía. Mar/a
lilia Rasa

Sta. Marta
Sfla Tomé

¡
¡

¡2
¡8
24
30
36
42

0.64
0.75
0.73
0.71
0.60
0.40
0.37
0.26

0.39
0.45
0.51
0.57
0.64
0.75
050
0.38

0.20
0.28
0.37
044
051
0.58
0.67
0.70

Main periodicities present in the wind data were determinedthrough
spectral analysis of the sealartime seriesof the rotatedwind components
(JenkinsandWatts, 1986). Poreachstation,rotation wasdoneto projectthe
wind vectorinto the normalandparalleldirectionsto the local coastline.The
energy spectra,of both wind componentsfor the Santa Marta station for
1984, are presentedin figure 3.

The spectraof both componentsaredominatedby anenergypeakat tEte
period of aboní 6 days; tuis is the characteristicperiod of the cold front
penetrationindicatedin Table 1. Most of the fluctuation energyis presentin
the alongshorecomponent,duetothepredominantorientationof the wind in
that direction. Wind spectrafor the otherstations(not shown)aresimilar to
that of SantaMarta.

3. A CONCEPTUAL MODEL OF COLD FRONTS POR THE SBB

The analysisof synopticcharts,of satellite images and of coastalwind
datahas shown that in the mean, during the winter season,the cold fronts
which penetratethe south part of Brazil propagatefrom southwest to
northeast;the meantime of 2 days for the fronts to propagatethrough tEte
regionresults in an averagespeedof 500 km day’ for thesesystems.In the
warm sectorof the front the mean wind speedis 5 m s¡ and it rotates
counterclockwisefrom its dominantnortheastdirectionto northwestwith the
approachingof the front. In.the cold sector,the meanwind speedis 8 m
rotatingcounterclockwisefrom southwestto northeastapproxímately1 day
after the passageof the front.

With theseresultsin mmd, aconceptualmodel of winter timecold fronts
for the SBB was developed.This conceptualmodel is a time dependentand
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Figure 3—Spectratenergydensityof the cross-shelf(U) andalongsheif(½wind components

br the winter ob 1984 at SantaMarta station.Ihe units arem2 s— per cycle per hour.

spacevariableficíd of wind vectorscontainingthe basic andmoreimportant
characteristicsof the real wind field associatedwith the frontal passages.A
schematicrepresentationof suchmodelis shownin figure 4. TEte responseof
the 51313 to cold front passagesis tEtenstudiedby usingthis conceptualmodel
to force tEte barotropiccirculation model.
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y

Figure4—A graphicrepresentationof the ConceptualModel of cold fronts for ihe Southeast
Brazil Region.

4. THE NUMERICAL MODEL

The model used in this investigationwas formulated by Wang and
Connor (1975), and is a one-layerbarotropic two dimensional model, in
which the EmiteElementtechniqueis used to solve the dynamicalequations
of motion.The equationsusedare the Navier-Stokesfor the conservationof
momentumand an equationof continuity for the conservationof massto a
fluid in rotation. The coordinatesystemis cartesian, has its origin at the
oceansurfaceandthe x, y, andzdirectionspoint to east,northandvertically
upwards, respectively.The bottom topographyis a function of x and y
coordinates.The fluid systemconsistsof one layerof constantdensity. TEte
vertical accelerationis neglectedin the verticalequationof momentumby the
hydrostaticapproximation.The vertical componentof tEte Coriolis force is
neglected.The Coriolis parameteris assumedconstantthroughoutthe region.

=4 500km/da,

x
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The following systemof equationsis obtained by the vertical integration
of the equationsof momentumand continuity from tl¡e bottom, to the free
surface,

duq5 dvq<

.

___ + + =—gH +——(r5—r,fld-fq+F<. (4.1)

ex dv dx P

_____ e71___ + duqr + dvq~ =—gH + (i~.—r.~)—fq~+ E~ (4.2)

dt dx ay dy P

~1 Oq dq (4.3)

di + N+ rodx ay

where,q~ andq~ representthe integratedtransportperunit width in thex and
y directions; u and y are tEte velocity components;~ is the free surface
anomalies;p is tEte waterdensity; ~ and r~ are tEte wind stresses,and½>and
‘~ are the bottom stresses. The wind and bottom stresses are both
parameterizedusing quadraticformulation as follows:

Pa¡r ca ¡ U1<>¡ ~~I0 (4.4)

where

C~=(l.l +0.O536xU~0)xI0<,and U~0=Wind speedat 10 m height.

= pC,,(u
2 + y2) ¡ u (4.5)

w=pCt(u2+ v)¡P y (4.6)

where

CA=2.3Y 10~

TEte following boundary conditions Etave been used: a) a radiation
condition at tEte northern and southern boundariesnormal to the coast
(Orlanski, 1976); b) an adiabaticconditionof no seasurfaceelevation at the
offshore boundary located at the shelf break (Heardsleyand Haidvogel,
1981); and c) normal flow equal to zero at tEte coastalboundary.

5. MODEL EXPERIMENTS

5.!. Numerícalexperímentusing the cold front w¡nd

TEte Emite Elementgrid of linear triangularelementsbr this region and
used in the model is representedin figure 5. An integratingtime step of 300
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5 15 usedin alí experiments.In order to minimize effectsof initialization, the
model is forced for 24 h from rest,witha constantand uniform northeast
wind of 5 m s~.A time ramp of 2 h is also usedto bring the wind speedfrom
zero to its 5 m s—1 valueat the beginningof the integration.After the initial
24 h «warming up» of the model, the conceptualmodel of the cold front is
then usedto simulatethe passageof a cold front, wich requiresabout two
daystime. After this step,a constant5 m s~ wind field is integratedfor one
more day.

CASO ASOME

I’LOfliA-
SO SOL IB

jo—
ono
BASTA MASiS

Figure 5—Finite Elemenígrid for
numberof elemenis= ¡88.

ihe South Brazilian Bight. Number of nodes=299and

5.1.1. Momentum balance

With the current velocities and seasurfaceanomaliesgeneratedby the
model,plus the wind stressforcing, time seriesof eachterm of the equations
df momentumwere generatedfor analysis.In figures 6, 7 and 8, thesetime

locatedon the 25,

ILMA 5.
SESA STIAO

CABO mio

IZO

seriesare plottedfor tbegrid nodes47, 63 and65 (fig. 5).
77 and 127 m isobaths,respectively.
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As expected,the momentumbalancefor the direction normal to coast is
highly dominatedby a geostrophicbalancebetweentEte across-shelfpressure
gradientand tEte Coriolis terms.TEte passageof tEte front introducesa cross-
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Figure6.—Alongshelf(a)and cross-shelf(U) momenturnbalancesal node47 (fig. 5) br ihe cold
fron experimen.Unis arem a= local accelerationerm.c= Coriolis íerm (—tv and-1- fu
br íhe cross-shel[ and atongshelfdirections),p pressuregradient tena,w = wind stressterm,
b=bottom stress.
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shelf accelerationon the flow which is almost balancedby the wind stress
itself. Evenduring the passageof the front, the pressuregradientandCoriolis
accelerationfields areseento acttogether,preservingmostof tEte geostrophic
characteristicof the flow.
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Figure 7.—As in figure 6 exceptaí node63.
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The momentumbalancefor the fongshoredirectionis morecomplex. For
the steadystateconditionof a relatively constantwind blowingfor a couple
of days,tEte main balancefor the deepernodesis betweentEte wind stressand
tEte Coriolis term (Ekmanbalance),plussomecontributionof thealongshore
pressuregradient. As the coast is approachedand tEte water gets shallower,
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the bottom friction increases,tending to balancethe wind stressfor the inner
shell Por a more realistic time dependentsituation, theseresults show that
the passageof the front induces a large alongshoreaccelerationin the flow;
this resultsin the generationof inertial period wavesafter tEte wind returnsto
its steady state. TEte decaying time scale of these oscillations is directly
proportionalto the waterdepth,andseemsto be on the order of two daysfor
the outershelf, and oneday for the inner shelf.

The time meanof eachterm in the momentumequationsfor different
nodesand for the entire period of simulation is presentedin TablesIII and
IV. TEte meanvalue of tEte termsconfirm tEte analysisderived from the time
seriesfigures.

TAIME III

Time mean of the cross-shelf momentumequation terins (40—y m s—2).

Terms
Nades
(depth)

Lacal
aceeL

Advee. Corialiv Press.
Orad.

Wind
Stress

Ballam
Stress

Eddv
Vise.

47(25)
63(77)
l26(50)
¡38(123)
150(117)
¡5! (l36)

0.33
0.12

—0.04
—0.48

0.08
0.52

0.22
0.05
0.23
0.11

—0.13
0.60

—27.68
— 7.70
—42.00
— 17.58
—32.60
—26.52

—21.12
— 6.70
—39.70
— 17.85
—33.04
—26.15

—4.00
—1.26
—1.57

0.49
1.48
0.70

—0.58
—0.05
—0.16
—0.02
—0.15
—0.45

—0.10
—0.02

0.23
0.03
0.10

—0.45

TÁn¡.F IV

Timé mean of the alongshelf momentum equation temis ~ 10< m s—2).

Terms
Nades
(depíh)

Local
acceí

Ad Cli Press.
Orad.

Wind
Srress

Ballam
Stress

Eddí’
Vis-.

47(25)
63(77)
126(50)
138(123>
150(117)
151 (¡36)

—1.63
—0.44
—3.18
—0.91
—1.67
—1.47

0.22
0.03
0.06
0.04
0.05
0.24

—5.37
—2.57
—5.17
—0.85
—5.18
—1.42

1.16
0.55

—7.31
—0.21
—5.69
—1.63

—11.78
— 3.73
— 5.89
— 2.10
— 2.13
— 2.14

2.91
0.09
4.12
0.42
1.29
0.81

0.13
—0.10

0.37
0.11

—0.41
—0.01

5.1.2. Vorticity balance

In order to get a better understandingof how the vorticity is being
distributedand balancedin the system,the model resultsand the wind stress

4
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forcing were usedto calculate,at eachtime step,rhe terms of the barotropie
vorticity equationbelow (Csanady,1981);

___ ___ ½ 8~ =—g

8v

a

( dr

a

e

ay]

VV

( 8flb

dx ay )

8H 877

Ay dx) +

.1

(5.1)

b

where l = dqr/dx— 8q
5/dy.

Figures9, 10 and II show
for differents nodes.

‘.4

E
o,
‘o

-J

o.o

the time seriesplots of every term in Eq. (5.1)

Figure9—Voríicity balanceatnode47 for ihe caíd Iraní experimení.tJnitsare m a= local
rateof change,] =Jacobian,w= wind curí, b= bntton¡ stresscurí, a, anda~ advectivesterms.

The mostconspicuousfeaturein theseplots is that tEte vorticity is seento
be mostly generatedby the topographic term (Jacobian),that is, by the
stretching of the vortex filaments by tEte geostrophic flow crossing the
isobaths.Even during tEte passageof tEte front at the grid point of interest,
whentEte vorticicty of the wind increases,adirect transferof wind vorticity to
tEte systemseemslo be only a secondarymechanismof vorticity generation
within tEte flow. Por tEte sEtallow region near tEte coast, theseresults indicate
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that the bottom friction vorticity is a very efficient mechanismfor removing
vorticity generatedby topographicstretching.Therefore,for thc inner shelf,
a balancebetweenthe topographicvorticity and bottom friction vorticity
dominates the flow. For the mid and outer shelf, with only a minor
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contributionfrom the bottomfriction vorticity sink, tEte topographicvorticity
is observedto generatea largelocal time rate of changeof vorticity in tEte
flow. The passageof tEte front introducesan oscillation in the vorticity ficíd
which a long time decay.

5.2. Numerical experimcntusingdic coastalwind

The mainobjective of tEtis sectionis to analysetEte barotropic responseof
the shelfwatersto a forcingficíd derivedfrom tEte observedcoastalwind. At
6 Etours intervals, tEte observedwinds at the coastalstations are used to
updatethe wind stressat every grid point. The interpolationmetEtodused is
describedin Allender (1974). The period chosenfor the sirnulationwasJuly
18-29, 1984, due to lis being the only period for which a completedataset
(wínds, sealevel and barometriepressure)was available. During tEtis period
a cold front was observedand it propagatedthroughoutthe region witEt a
velocity of aproximately 1.000 km day—’. This velocity is twice tEte mean
velocity determinedfrom tEte analysisof satellite images.

TEte sarnenumericalgrid, boundaryconditionsand physical parameters
used in the previousexperimentwere utilized in this secondexperiment.In
order to minimize tEte initiali?ationproblem and to obtain a betterdynamic
adjustment,the model wasintegratedfor 29 hours,utilizing the wind forcing
from O h on July 18, 1984, with a ramp of 12 hours. In the 3Oth hour of
integration,the wind was updatedto the wind correspondingto tEte 6 hours
on July 18, 1984.

5.2.!. Coastalsealeve!

Figure 12 shows the time series of sea surface elevation anomalies
predicted by the model and observedin tEte coastalstations for tEte period
considered.ANo shown in figure 12 are tEte maximum vaines of tEte cross-
correlation betweenthesetwo variablesand the corespondingphaselag.

It can be observedthat tEte maximun correlation grows monotonically
from South to North, varying lrom r=0.76 at Imbituba stationto r=0.82 at
Rio de Janeiro, with the pEtase lag increasing from O to 3 hours. The
northward improvementof tEte model in simulatingtEte sealevel ánomalies
can be relatedto the idea that at a particular point, tEte sea level anomaly
dependsnot only on the local wind, but also on tEte remoteforcing induced
by tEte winds to tEte south(for tEtis region) through the propagationof sEtelf
wave signaN. Therefore,if tEtis interpretationis correct, tEte simulatedsea
level at the southermstationswould not be receiving alí the rernote wave
energyfurther to the south. dueto tEte truncatedmodel domain.

It might be notedthat tEte model sirnulatedmostof tEte sealevel variation
patternswhereasit underestimatedtEte crestandtroughs. It is speculatedthat
this tendencyfor a reducedvariancepresentin tEte simulationsis related to
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tEte quality of tEte wind data. AltEtougEt tEte fulí dynamicrelationbetweenthe
wind and tEte sealevel may be complex, tEte positive (negative)coastalsea
level anomaliescan be generally related to tEte onshore(offshore) Ekman
transportinducedby alongshoresoutEterly(nortEterly) winds.

Inspectionof figure 12 indicatesanorthwardpropagationof the sealevel
anomalies.TEte estimatedspeedof tEtis propagation,on the orderof 1.150 1cm
day< Etas beenobtainedin tEte following way: tEte cross-correlationbetween
tEte sea level anomaliesat a reference coastalgrid point (near Imbituba
station) and tEte anomaliesat alí otEter coastalgrid points was calculated.
Next, tEte lag correspondingto the maximumcorrelation was plottedagainst
distancebetweeneach two grid points. TEte slope of tEte linear fit through
tEtesepoints gives tEte averagespeedof propagation.

In orderto comparetEte aboyespeedof propagationwith tEte speedof free
continentalsEtelf waves,tEte Hrink et aL (1984) model was used to calculate
tEte dispersionrelation of tEte barotropiemodefor threetransversalscctions
(SantaMarta, Cananéiaand Cabo Frio). For tEte SantaMarta section and
for a longwave with a period of 6 days(tEte forcing period), aphasc clocity
of 450 km day—’ and a wavelengtEtof approximately2.700 km are observed.
For tEte Cananéiasection and tEte sameperiod, tEte pEtasevelocity and the
wavelengtEtare 650 km day’ and 3.900km, respectively.For tEte Cabo Frio
section,tEte phasevelocity is 290 km day—’ and tEte wavelengthis 1.745 1cm.

TEte model resultsand the observationspointed out that tEte coastalsea
level containsperturbations.Theseperturbationspropagateto tEte nortEt with
a phasevelocity of aproximately1.000 1cm day<, tEte speedof propagationof
the cold front presentduring the simulatedperiod. TEterefore,it seemsthat
for tEtis case,tEte sealevel anomaliespropagatein phasewith tEte wind forcing,
with only a secondarycontribution Irorn remote forcing due to free long
waves.

6. DISCUSSION AND CONCLUSIONS

The results obtainedwith tEte barotropic model indicate that tEte main
mechanismsgoverning tEte winter time dynamics of this region can be
describedby the following set of momentumand vorticity equations:

877 (6.!)
dx

___ 877 1dQr +c Ovqr -l-/4’<.=—gH———+ (r,., —&-.h) (6.2)

8t 8v 8v 8

(aH 877 dH 871 ±curI1.t—Qicurl~Tj, (6.3)
±cV- =—g ___

di di- dx d¡ dv dx

\vherc 8 = 1 only neartEte shell break;otherwise= O
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e = 1 only nearCabo Frio; otherwise=0

b= 1 only in tEte inner and mid shelf; otEterwise=0

TheseresultsindicatetEtat tEte mainmomentumbalanceis very similar to
that presentedin most analyticalmodelsfor wind forced continental shelf
waves(e.g., Gilí andSchumann,1974).Therefore,non-localeffectsproduced
by tEte propagationof long wavesshouldnot be neglected.In otherwords, a
part of tEte sub-tidal changesin sea.level and currentvariability at a specific
point of tEtis region cannotbe explainedwith local winds only.

It should be noted that the typical speedof propagationof coid fronts in
the region is of tEte sameorder of magnitudeas for continentalshelf wave
propagation, i.e., 500 km day’. The case studied in Section 5.2.1. is a
possiblebut not a common occurence.In tEte central part of tEte domain,
where tEte shelfwidth widens,thefree wavessignalcan propagatefastertEtan
tEte front, indicating tEte importanceof remoteforcing in tEtis area.

For tEte inner and mid-shelf regions, where tEte non-local effects are
important, the vorticity balanceanalysisshowsthat tEte main mechanismfor
vorticity generation is tEte topographicstretching with contributionsfrom
bottom friction vorticity for tEte shallow nodesand local vorticity changesfor
tEte mid-shelf region. Similarly to tEte dynamicsof shelfwaves,wind vorticity
does not seem important for theseregions. For the outer sEtelf, where tEte
Ekmandynamicsseemto dominatetEte flow, wind vorticity is seento be of
importance,especiallyduring tEte passageof cold fronts.

It is evident from figures6, 7 and 8 (and othersnot presentedEtere) tEtat
tEte passageof a front generatesa strong inertial signal. Also, the magnitude
of this signalincreasesas tEte water depthincreases.As may be inferredfrom
figure 4, tEte passageof a frontal systemintroducesa rotation in tEte wind
vector, which is in tEte samedirection of rotation expectedfor an inertial
motion in tEte southernEtemisphere,te., counterclockwise.Also, figure 4
showsthat for a winter timefrontal systemat tEte SBB, tEte wind goestEtrough
a completeturn in 750 km. With a velocity of 500 1cm day4, tEtis gives a 1.5
day period for a complete wind rotation; or an angular frequency of
w=2w/ T=0.49x l0—~ s¡, which is very near tEte inertial frequencyof tEte
systemat tEtis latitude, j=—0.62xl0~ s’. It seems,tEterefore,quite natural
to speculateon tEte role of a resonancemechanismbetweentEte wind and the
ínertial mode of tEte system.

ConsidertEte vertically integrated,linearizedmomentumequations,with
the pressuregradientterm neglectedand tEte bottornIriction pararneterizedto
be linearly proportional to tEte mean water velocity. The following set of
equationsresult;

du T<., ru (6.4)

di - pH pH

8v ~, — rv ((‘ 5)

8, PH pH
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Multiplying Eq. (6.5) by i=(~l)k2 and adding to Eq. (6.4) we get

dv +ifV~l~±V=T(t)

8t - U pH (6.6)

wherc

I/ = u + iv is the vertical meanvelocity of thc water column

= T~±¡2~v is the wind stressvector

e = bottom friction coefficient

U = water depth

Taking T= Ae~’ and assurningV= v,,e1’«’, the solutionof tEte Eq. (6.6) is:

(A/pH)

2 (6.7)

where

w (e/U

)

2 w+f

This solutionshows that resonancecan occurif o.¡+f 10 and the bottom
friction is small. TEte (w+f) term will only tend to zero for tEte southern
hemisphere(1<0) u ca>0, a situation of counterclockwiserotation of the
wind, and ¡wj 1 ¡ f~. An estimateof tEte magnitudeof tEte water velocity as
given by Eq. (6.7) for different valuesoff and for typical valuesof bottom
stressobtained from tEte momentumbalancepresentedin Section 5.1.1 is
given in Table V.

TA¡w¡: V

Termsof Eq. 6.7 calculatedusing typical valuesgcncratedby themodel audfor ditfercnt
forcing conditions.A wind frequencyw=O.49> £0—~ s< is usedin columns 5, 6 and 8.

H y
(<a¡) ~ >,¡p

v(t)I lv(í)l
1<0 ¡>0

v(t)I
/<0, w=0 B

2500 ¡0.0
7700 5.0
12500 3.5

2.3>10<
5.8>10<
2.8>10<

2.3>0<
¡.2>0<
8.0> íO<

12.6
5.0
3.0

1.8
0.6
0.4

3.2
1.1
0.7

55~
810
870

The column 5 of Table y sEtows that tEte velocity valuesobtained by tEte
reson-ancetheory comparevery well witEt tEte model results (column 2). TEte
column 6 showsvcry small velocity values for the sameforcing but for the
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northernEtemispEtere.TEte column 7 gives the theoreticalvaluesfor southern
Etemisphere with a stationary wind. Again, tEte predicted values are
substantiallysmallertEtan thosegiven by the model.Therefore,it seemsquite
possible that the resonancemight be present,given tEte small difference
betweentEte wind frequencyand tEte inertial mode. It is interestingto note the
reductionof tEte pEtaselag betweentEte wind andtEte current,with tEte increase
of tEte bottomstressas tEte coastis approached(last column in Table y). TEtis
solution indicatesthat near the coast,a balancebetweentEte wind and tEte
bottom stressmight dominatewith tEte currentflowing in the directionof the
wind witEt almost no pEtaselag. For tEte outershelf, tEte solution indicatesa
pEtaselag of 900 which is a typical value of an Ekmanbalance.Both results
agreewith tEte prevíousanalysisof the momentumbalance.

It shouldalso be realizedthat somecaremustbe exercisedwith regardto
tEte resultspresentedfor tEte region nearthe shelf break,since in this region
tEte Erazil Current plays an important role in the circulation, with an
associatedbarocliniefield of mass,not accountedfor in tEte model (Castro
FilEto et aL, 1987 and Garfield, ¡990).

Finally, tEte parameterizationof tEte bottom stressof tEte model usestEte
meanvelocity in tEte water column. It is known that the velocity near tEte
bottomdiffers from the meanvelocity in magnitudeanddirection. Therefore,
an implementationof a bottom stressthat would takethis fact into account
sEtould lead to a more realistic representationof tEte actual dynamics.
Although, current meterdatawere not availablefor comparisonwith model
results, tEte reasonableagreementof sea level computed by the model, as
comparedto observations,indicatesthat most of the dynamicsof tEte region
are well representedby this simple model.
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