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ABSTRACT

Analysis of thermohaline properties and currentagad at an anchor station in the Piagaguera Ch&8aatos Estuary)
in the austral winter was made in terms of tidelafm and spring tidal cycles) and non-tidal cond#jowith the objective
to characterize the stratification, circulation aadt transport due to the fortnightly tidal modida. Classical methods of
observational data analysis of hourly and nearlyogyic observations and analytical simulations efnly steady-state
salinity and longitudinal velocity profiles wereass During the neap tidal cycle the flood (v<0) amdb (v>0) velocities
varied in the range of -0.20 m/s to 0.30 m/s asgediwith a small salinity variation from surfacebiottom (26.4 psu to
30.7 psu). In the spring tidal cycle the velocitiesreased and varied in the range of -0.40 ms46 m/s, but the salinity
stratification remained almost unaltered. The stestdte salinity and velocity profiles simulatediwan analytical model
presented good agreement (Skill near 1.0), in coisgra with the observational profiles. During thersitional
fortnightly tidal modulation period there was noaclges in the channel classification (type 2a -iglrtmixed and
weakly stratified), because the potential energg weas to low to enhance the halocline erosions&hesults, associated
with the high water column vertical stability (R#20) and the low estuarine Richardson number (Ri&xlead to the
conclusions: i) the driving mechanism for the estuarculation and mixing was mainly balanced by tihesh water
discharge and the tidal forcing associated withktheoclinic component of the gradient pressureelpii} there was no
changes in the thermohaline and circulation charistics due to the forthnigtly tidal modulatiomdiii) the nearly
steady-state of the verticglinity and velocity profiles were well simulatedth a theoretical classical analytical model.

Resuwmo

A andlise de dados termohalinos e correntes meeigosma estacéo fixa no Canal de Piagaguera (stléiSantos) no
inverno foi feita em termos de condig¢des ciclicaswhré (quadratura e sizigia) e quase-estaciomana,o objetivo de
caracterizar a estratificacdo da massa de aguariestusua circulacdo e transporte de sal forcaeds modulagdo
quinzenal da maré. Foram utilizados métodos cldssle andlise de dados observacionais horarioasgeinéticos e de
simulagGes analiticas de perfis estacionarios lifedsde e do componente longitudinal da velocidd&igante o ciclo de
maré de quadratura as velocidades de enchente ¢v¥8}ante (v>0) variaram de -0.20 m/s a 0.30 agspciadas a
pequena variagdo de salinidade entre a superficiefundo (26.4 psu a 30.7 psu). No ciclo de sizaigelocidade
aumentou de -0.40 m/s a 0.45 m/s, mas a estrgfificale salinidade permaneceu praticamente a me3saerfis
estacionarios tedricos de salinidade e de veloeidgutesentaram boa concordancia (Skill proximo @ @uando
comparados aos perfis observacionais. Durante allangib quinzenal da maré ndo houve alteracéo saifitacdo do
canal estuarino (tipo 2a-parcialmente misturadmeaimente estratificado), pois a taxa de aumenendegia potencial
nédo foi suficiente para ocasionar a eroséo da lredoEsses resultados, associados a alta estadglidertical (RiL >20)
e ao numero de Richardson estuarino (1,6), perméteseguintes conclusdes: i) 0 mecanismo que fagdrculacédo e
os processos de mistura foi principalmente o balatg descarga fluvial com a maré, associado ao @oempe
baroclinico da forga de gradiente de presséo;&@ houve variagdes nas principais caracteristeanchalinas e da
circulagdo devido a modulagao quinzenal da maii§;@s perfis quase estacionarios de salinidada gelocidade foram
adequadamente simulados com um modelo analitissicta

Descriptors: Thermohaline properties, Circulatibheoretical-observational profiles, Salt transpSttatification.
Descritores: Propriedades termohalinas, Circula@édis tedricos-observacionais, Transporte deEsatatificacéo.
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INTRODUCTION In this paper the knowledge of the estuarine
hydrodynamics related with the non-tidal and tidal
Since earlier times maritime countries usedongitudinal circulation, stratification and mixing
the estuarine environments to enhance urbagharacteristics will be applied. Further, with the
communities and industrial development. The Santogteady-state analytical solutions of the longitatiin
estuary is an outstanding Brazilian example; it iselocity and salinity profiles and the Stratificat
bordered by the cities of Santos, Sao Vicente, Gaar circulation diagram (HANSEN; RATTRAY, 1965,
Bertioga and Cubatdo which is one the mosi966), it will be possible to estimate numericaues
industrialized of South America. of the kinematic eddy viscosity and diffusion
The Piacaguera Channel is located in theoefficients and the relative proportion of the

upper reaches of the Santos estuary (SE) and @glvection and diffusion processes to the upwartl sal
northern region is oriented in the N-S directiond @t transport.

this end industrial plantations have maritime terais The objective of the study covered in this
facilities (Fig. 1). In view of preceding studies the article is the analysis of specific series of
Santos estuary, a need to broaden the knowledge @liservational data on the thermohaline properties a
this channel emerged. velocity to improve the knowledge on the dynamics a
The hydrodynamics and mixing processes ofhe upper reaches of this channel, during a winter
the SE play a key role in the transport of progsrti fortnightly tidal modulation. In order to achievach
concentration, pollutants and in the erosion, parts goal the study aims specifically at: i) charactérison
and deposition of river sediments. These procem®es the tidal and non-tidal thermohaline properties,
driven mainly by the estuarine circulation. However cyrrents, stability of the water column and chariges
due to water-bottom interactions there is a coinstaghe potential energy anomaly i) channel classiiirg
feedback between the hydrodynamic, mixingii) advective salt transportand: iv) analytical
processes, estuarine substrate and morphologgttat bsimulation of velocity and salinity steady-state
the micro and macro-scale levels. It is a compleyrofiles, enabling to estimate some of its free

estuarine channel whose geometry and river disehargarameters (kinematic  viscosity and diffusion
has been drastically altered during the last cgrityr  coefficients).

urban and industry development, land reclamation,
dredging and effluent receptor from several indestr
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Fig. 1. The Santos Estuarine System. The S&o \ddeenter) and Santo Amaro (east) islands, thaes&
channels (Santos, S&o Vicente, Piacaguera andg&ytand Santos Bay south of the S&o Vicente Island
The Piagaguera Channel and the anchor statiom@®s in the Nautical Chart DHN 1701 (right).
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Finally, it is worth to mentioning that classification and tidal effects on the nutrients,
channels water column and bottom sediments havephytoplankton concentration, suspended matter and
high contamination level (CETESB, 1981, 2001)chlorophyll-a, due to the tidal modulation during
Hence, according to earlier investigatio®FICER  consecutive neap-spring tidal cycles in the SE
1977;HAMILTON; WILSON, 1980), the knowledge of channels (Sdo Vicente, Santos and Bertioga) were
estuarine circulation, transport processes andngixi investigated by Miranda et al. (1998), Gianesetlale
are essential to the actions necessary to invéstiga (2000), Bernardes and Miranda (2001) and Moser et
biological and chemical aspects of water qualityal. (2005).
sediment erosion, transport and sedimentationtasl a

for pollutant control. DATA saAMPLING AND METHODOLOGY

Srupy AREA Time series of hourly profiles of
hydrographic properties (S,T,p) and current vejocit
In 1950’s and 1960’s pioneering work on the(speed and direction) were recorded at an anchor
measurements of hydrographic properties, currentation in the Piagaguera Channel (Station: lat.
and solids in suspension was made by the Hydraul23°53,987’S; long. 046°22,640'W), at a depth clgsel
Laboratory of the Polytechnic School of Engineeringo 11 m (Fig. 1). This station is located southtlod
of the University of Sdo Paulo (SP) reported in CTHmaritime terminals and near the Cubatdo River
(1959, 1966). In the 1970’s measurements wereutflow (Fig. 1). According to the field experiment
carried out by consulting companies. The stratiiice report the oceanographic sampling was made with a
and salt balance was used to classify the mainmghan CTD/Current meter Falmouth, model 2D-ACM. The
of the system and to estimate the flushing timectvhi station was monitored during 19 days (460 h), from
varied from 2.1 to 5.0 days (CETESB, 1977). At thelune 23 to July 11, 2001, covering 36 semidiuridal t
end of this decade measurements were made with thgcles. However, due to weather conditions, maétim
technical collaboration of the Instituto Oceanogf traffic and equipment failure the time series pnése
da Universidade de S&o Paulo (IOUSP) and thdiscontinuities which ranged from one hour up to
Superintendéncia de Saneamento Basico do Estadosiveral hours. Despite such discontinuities tinteese
Sdo Paulo (SABESP), with the objective to obtairof salinity, density and longitudinal velocity
complementary data for the outfall submarine pitojeaccomponent were analysed. From this time serieg a se
planned for the Santos Bay (Fig. 1). Studies fogusinof Eulerian hourly profiles of hydrographic propest
on sediments, ecological and chemical aspectseof ttand velocity of three complete semidiurnal tidadleg
Santos estuary were published by Fulfaro and Pancaf37 hours), for the neap (June 28-29, 2001) anidgpr
(1976). Heavy metal concentration in the Santos Bafduly 04-06, 2001), were used to compute the naai-ti
was initially investigated in 1983 (FULFARO et al., nearly steady-state salinity and the v-velocity
1983) and further by Figueira et al. (2004). Update component profiles.

depositional history studies and isotopic compositi The temperature (T ifC) and salinity (S in
of the organic matter in the SE and the Santos Bgysu) profiles were analysed taking into account its
may be found in recent publications. tidal and non-tidal characteristics. The densityswa

A pioneering study on the numerical calculated with the International Equation of Stafe
modeling of the SE and the inner continental shelfea Water. The velocity vector was decomposed in
forced by the main tidal components was published blongitudinal (N-S or v-component) and secondary (E-
Harari and Camargo (1998). Although taking intoW or u-component) components according to the local
account only barotropic conditions it is possibte t referential system Oxyz (Ox, Oy and Oz with the
find out in this work some interesting features:origin on the free surface and oriented positively
stronger ebbing circulation east side of the bag antoward East, South and upward, respectively); apbin
convergent circulation due to flooding currentsghe  and flooding currents are indicated by v>0 and v<O,
channels of Sdo Vicente and Bertioga; this work wagespectively. All raw data were submitted to qualit
further improved by Harari et al. (2001) and Haetri control and then interpolated in terms of the non-
al. (2002) with the theoretical simulations of thedimensional depth (Z=z/|h(t)|) at intervals -0.tnfr
barotropic circulation in the Piagaguera Channethe surface (Z=0) down to the bottom (Z=-1.0) ahd a
validated with observational results. A descriptimin hourly time intervals.
theoretical and applied studies related to the mizade The description of the steady-state dynamic
modeling of the effluent dispersion using the SEhas response and salt stratification due to the contioina
region to be investigated was presented by Dinz arnof the river discharge, density-driven forcing amidd
Meyer (2004). was approximated by the two-dimensional Hansen and

Variations on tidal and non-tidal circulation, Rattray (1965) steady-state analitical solutiamthfer
thermohaline characteristics, salt transportextended by Officer (1976, 1977), Prandle (1985,
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2004) and others, to include bottom frictional effe the water depth. The quantitids and M are the
The Hansen and Rattray’s classical model consider thlimensionless longitudinal coordinate and the rafio
balance of the barotropic and baroclinic modesh witthe tidal mixing to the river flow given b§=viy/Kp,
wind stress forcing on the surface and no-sliphat t and M=K,K/(vsh)?, where K and K,, are the vertical
bottom as upper and lower boundary conditionsand horizontal kinematic coefficient of eddy salt
respectively. An idealized rectilinear coastal-plai diffusion considered as constants, respectiveliinba
estuary (B and h being the width and depthinto account the hypothesis of the Hansen and
respectively) and laterally homogeneous is asstimed Rattray’s theory the eddy coefficients,(, and K
the model. Bottom friction due to the tidal currei®s and the wind stressty) will be treated as free
the predominant cause of turbulent mixing but i@ve parameters, to be used to validate the theoretical
other influence upon the net circulation on thei@st  profiles against near-steady state profiles derfveah

The central regime solutions, satisfyingexperimental data. In order to quantify the agregme
boundary conditions and assuming constant kinematigetween the theoretical results of the velocity and
eddy viscosity and diffusion coefficients, for stga  salinity profiles and the in situ data, the method
state v-velocity (¥ and salinity (§ profiles in terms  syggested by Wilmott (1981) based in the Skill

of the non-dimensional depth (Z), take the follogvin parameter defined by Warner et al. (2005) was used,
forms obtained from the derivation and integratodn

the current function (HANSEN; RATTRAY ,1965);

2
36p S(l” =1- Z‘Xmodel Xobs‘
v gh E , s 3 , Z(‘Xmodd _(Xm)obs‘+‘xobs_(xm)obs‘
V°(y’z)‘(fs) oN @-9z* -8z )_(E)V'(_1+Z)
NELLP P ©)
4pN,
(1) The quantities ¥s and Xpoge are the

observational properties (v-velocity component or
salinity) and the corresponding values calculatgd b
the model (v and §) and (X,)ops its depth mean
observational values. According to the equatiort!{8)

\ 1, 1 1, 1 3 1
1+VE+—[(-Z2-2)-=(2° -2 -=(-22-=22 +=Z%)...
3 M[( 2) 2( 3) 2( 2 2 )

ghg? L s 2 1A a1 Skill parameter varies from 1 to zero indicating th
v 2 4 5 w 2 3 4 3 .
S:.(y:2) =S, +(4—8)pNZV"’(52 Taf s ) Tapny, Q4 T34 Te?)-) best fit and a complete disagreement between
G observation and the theoretical result, respegtivel
Aoy oy (L) T The validation skill parameter as defined (eq. 3sw
407 876 PNV, BOPN,Y, used to evaluated numerical simulations of the

(2)  curimatat River estuary (RN-Brasil) with a three
dimensional model (Delft 3D- Flow) in comparison

The v-component profile of the velocity with set of time series measurements (ANDUTTA et
veave(y,Z) (eq. 1) is expressed as the sum of thregL’ 2006).

circulation modes: i) the gravitational circulatiam The classical  Stratification-circulation
which the pressure gradient due to the Iongitudinqjiagram theoretically ~derived by (HANSEN;
salinity (density) gradient (temporally and veriga RATTRAY, 1966) was used in the estuary
constant) is balanced by frictional forces, whieh i cjassification and to calculate the relative cdnttion
associated with an analog of the Rayleigh numbest the advective and diffusion processes to the up-
(_Ra) tlmes t_hev parameter defined as the ratio of theestuary salt transport through its key parametgr (
tidal diffusion term to the t(_)tal upstream net s_alt-rhe nearly-steady salinity [S=S(x,z)=S(x,Z)] ane th
transport due to the aqyectlon anq tidal d'ﬁus'oﬂongitudinal velocity component [v=v(x,z)=v(X,Z)]
(SIMPSON et al., 2001); ii) the velocity generatBd sed to calculate the stratification Jrculation

the river discharge (¥Q/Bh); and iii) the contribution parameters () were obtained from the hourly time-
of the surface wind-stress forcing,. fThe quantity ' mean values of vertical profiles based on the
is the vertical kinematic coefficient of eddy vistly  5igorithms of Miranda et al. (2002) and Bérgamolet a
treated as a constant. In the theory the dersity  (2002). These parameters were also calculated from
approximated by the linear equation of state of sege theoretical profiles simulations of the v-vétpc
water. It should be pointed out that the analyticatbomponent and salinity. Taking into account the
expression of the equation (1), is equivalent todhe residual values of velocity and salinity the adixect
derived latter by Officer (1976). salt transport was calculated with the assumpfiat t

In the salinity profile $=S(y,Z) (eq. 2) the the channel was laterally homogeneous.
quantity S is the time-mean salinity averaged along
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Stability characteristics during the tidgtle  where v=v(z) and ,y are the v-velocity component
and the main forcing mechanisms for the circulatiomprofile and its mean depth, respectively. In teohthe
and mixing processes were analyzed by the classicabn-dimensional depth (2) this equation may beterit
Richardson layer and estuarine numberg,&Rid Rg, as
respectively (FISCHER, 1976; BOWDEN, 1978):

g op ¢
L =hg~£[(v-v,)zdz, 7
gh(t)ap, () and Ri. = ghAph, v, - 980uh,v, @) , o gay:[l(v ) (1)

POV )20 F V)’ Pe(Vi)®

Ri (t)=

in the first ex'pression g, h(%Pv(t), Pm(t) and (w)? and (ﬂ) is to be expected to have low and high values
are the gravity acceleration, the depth, the bottom o . . "

minus the surface densities, the mean-depth density’ @ Well mixed and a highly stratified estuary,
and the square of the mean-depth velocity. In the Rf€SPectively. The time rate gfwill be used to compare
definition Apy, hm Vi=Va Pm and Vms are the the tidal stirring intensity changes over the figtitly
differences of the densities at the mouth and thidal modulation of the Piacaguera Channel baseiti@n

estuary head, s the residual velocity and g)? is ~ oPservational results of v=v(y,z)=v(y,Z).

the root mean square cubed of the v-velocit){) Understanding  the  development  and
reakdown of stratification is a key to shallow seal

component which controls the intensity of tidal : S e Y
stirring; due to the lack of the fresh water disges estuarine oceanography. The stratification intgrsithe

the velocity (y) was approximate by the residual Water column is crucial in controlling the integsitf
velocity v. vertical mixing and hence the vertical fluxes ofteva
e

The Rj=20 is the upper limit for which the properties such as heat, salt, momentum, and mutrie

turbulent mixing occurs near the halocline in i concentrations. This intensity may be of critical

mixed estuaries. Bellow this critical number, @0) the importance in controlling the biological production
bottom turbulence became effective to the verticdP€cause inhibiting vertical displacement mightuefice

mixing process in the water column. Bellow & the the degree of light exposure experienced by marine

turbulent mixing is isotropic fully developed andet °rganisms (SIMPSON et al., 1990).
water column is unstable and for Ri20 the water

column is stable with low vertical mixing (DYER; THe ForcING MECHANISMS
NEW, 1986).
The energy of the tidal Straining Process due The Fresh Water Input
to the Periodic Stratification (SIPS) due to theerfightly o ]
tidal modulation and its influence on water column Fresh water is discharged into the SE from a

stability was calculated in terms with the potdntiacomplex drainage basin with several rivers with

energy anomalyp (NUNES et al., 1989; SIMPSON et springs in the highlands maritime border (Serra do
al. (1990) Mar). Fresh water feeding the Piacaguera Channel are

mainly from the following rivers: Piagaguera,
1% 1% 5)  Cubatdo, Quilombo and Mogi. The processes of
¢—Ej(pm—p)gzdz,pm—Ejp(z)dz ©) erosion and transport carry high concentration of
- - suspended matter which are deposited in the maagrov
where p=p(z) and p,, are the density profile and its forest and the in the estuary bed. _
mean-depth, respectivelg.is the work per volume unit The complexity of this drainage basin and
required to mix of the water column (Jinin the SI the lack of the gauging stations of river discharge
system)p=0 for a well mixed estuary and increases for &1ake the calculation of fresh water input to the
high stratified estuary. Taking into account that & Cchannel uncertain. For the whole estuary the higtbr
non-compressible horizontal flow the local densitydat@ published by CEIESB,(19,77) gives an annual
variation is related to the advection term gy o, |, mean estimate of 42.8°fa which is close agreement
E:_V(@)] with the one based on the climatological valuesiof
. . . o temperature, precipitation and evapotranspiratidesr
?Srlﬁ\ﬂlég(;?\lagltlyélshgwr;g;at the time ratepa$ given by (41.0 n¥/s) unpublished data calculated by Dr. Mario
-+ Op- CIL.). Pereira da Silva (personal communication). For the
3 Cubatéo River there was a gauging station (3E-077 -
J@w-v,)zdz, (6) ©Ponte Preta - lat. 283'39"S; long. 04827'26"W)
) with only a few years of measurements which gives a
annual climatological mean of 7.5%%



16 BRAZILIAN JOURNAL OF OCEANOGRAPHY, 60(1), 2012

Tidal Characteristics oscillations and the mean sea level remained lodv an

] ] ] superimposed to the tidal oscillations with amplés
Hourly tidal heights at the station of of gimost 1.5 m.

Conceicdozinha (lat. 238,1'S; long. 04&17,5'W)
were used for the tidal analysis and predictiotidzl
spectrum obtained according to Pawlowicz et al.
(2002). These results agree very well with the jortey
ones (FRANCO, 2000) indicating that the estuary is
microtidal (ranges less than 2 m) and semidiurnal
mixed (form number 0.32). Prominent peaks occur at
diurnal (K, ©;), semi-diurnal (M, S;) and quarter-
diurnal (M,). Smaller peaks also appear at thetidal
harmonic.

ExPeERIMENTAL AND THEORETICAL RESULTS
Neap and Spring Tidal Experiments

The Eulerinan vertical salinity profiles

variations [S=S(Z,t)] generated by the influence of

tidal diffusion, tidal currents and the river dische in

) . ! the neap-spring tidal experiments (28-29 and 0406
Tidal oscillations from June”o July 31,  j,ne and July, 2001, respectively) covering three

2001 corresponding in the relative time scale fdm  semigiurnal tidal cycles are presented in Fig. lBese

to 1.400 h, and the experimental period neap-spring.ofiles show the advective influence of the ebbing
tidal cycle is shown by the horizontal bar (Fig. 2) 319 flooding  tidal  currents, the  halocline

During the neap tide observation periodiyiensification and erosion due to vertical mixing
northerly winds were strong (speed up to 60 kmft) & iensification during the tidal cycle and smaller
almost damped the tidal oscillations and a quiCljifterences between neap and spring tidal cycles. T
decrease in the tidal oscillations of 0.6 m wagyface and bottom salinities (in psu) varies ie th
observed (Fig. 2). By this time the measurements hagieryqals: 25.6<S<29.7 and 30.2 <S<30.7 (Fig. 3-A)
to be interrupted for several hours for safety seas ¢, he neap and are slightly smaller for the sprin
In the beginning of the subsequent spring tidedsw (yag (25.9 <S<29.2 and 29.5 <S<30.4) (Fig. 3-B).
observed a small increase in the amplitude ofithed t

300 T T T T T T

250

200

180 |

Tidal height (cm)

100

50

0 260 460 6010 860 1 DIDD 1 2100 1400
Relative time (hour)

Fig. 2. Time series of hourly tidal heights frornéu® to July 31, 2001. The measurement period,
from June, 23 to July, 11 is indicated by the hmtal bar.
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Fig. 3. Eulerian time series of salinity profile3=S(Z,t)] at the neap (A) and spring (B) tide cgd28-29 and 04-06 of June
and July, 2001, respectively).

Due to the typically estuary small small temperature variation (263 to 22.6C)
temperature variations the thermohaline charatiesis associated with salinities ranging from 25.6 psu to
of the neap-spring tidal cycles are shown by tlatec  30.7 psu. There is a distinctive T-S scatter ferrieap
T-S Diagram (Fig. 4). The images of the T-S plotgo) and spring (x) tidal cycles with slightly highe
show the estuarine water mass characterized by temperatures in the last one.

22

ha

e

fag!
T

&'e}

3]

—=

=
T

a

g

b
T

bt

=

o
T

Temperature (°C)

b

e

Fen
T

202 - 18

/. O

20 : J
25 2B 27 23 28 30 a1

Salinity (psu)
Fig. 4. Scatter T-S Diagram for the neap (0) anthgp(x) tide cycles (28-29 and 04-06 of June and
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The time-depth mean profiles of salinity component and the baroclinic forcing, under the
[S=<S(Z)>] at the neap and spring tidal cyclesewfl assumption that the channel is laterally homogeseou
the small differences in the Eulerian profiles diesp decreased from 3.0 kg/s.m to 0.85 kg/s.m and -0.32
the fortnightly tidal modulation and the low vedic kg/s.m to -0.11 kg/s.m for the neap and springl tida
salinity stratification (bottom minus surface s#las  cycles, respectively.
equal to 2.5) with very close time-depth mean v&lue The water column stability variation and
(29.8 psu and 29.2 psu), respectively. These peofil the ratio of the buoyancy input due to the Hres
will be shown later in comparison to the steadyesta water discharge and the tidal stirring, during tieap
simulations. and spring tidal cycle was investigate by the

The Eulerian profiles of the v-velocity Richardson layer and estuarine numbers, &nd Ri
component [v=v(Z,t)] associated with the salinity(eq. 4). In the neap and spring tidal cycles théemwa
profiles (Fig. 3) showed distinctive patterns withcolumn tends to be stable (R20, but there was some
asymmetric variations from -0.18 m/s to 0.30 mig(F values with Ri close or lower than 20, which indicated a
5-A) and -0.39 m/s to 0.46 m/s (Fig. 5-B) for thepe possible occurrence of turbulent mixing across the
spring tidal conditions, respectively (Fig. 5-A,B). halocline. For spring tidal cycle the calculated

During the neap-spring tidal experimentRichardson Estuarine humber is 1.6 and the fresbrwa
there are profiles showing ebbing (v>0) and flogdin discharge and tidal currents are the main forcing
(v<0) unidirectional motions and some exhibiting th mechanisms.
classical bidirectional circulation with depths - Time variations of the longitudinal velocity
motion which characterizes the compensating flopdincomponent (v) during the neap and spring tidal
currents due to the up-estuary baroclinic forciRgy( conditions on the surface (Z=0.0), middle depth-(Z=
5). The non-tidal velocity profiles indicate theaw 0.5) and near the bottom (Z=-0.9) are shown in &ig.
layer estuarine circulation down (v>0) and up-estua At Z=0.0 and in the neap tide, the time variatiéthe
(v<0) in the upper and lower layers, respectivelifh  current has an asymmetric behavior of the flooding
no-motion depths at Z=-0.4 and Z=-0.5 which is th€v<0) and ebbing (v>0) currents (with speeds from -
characteristic bidirectional motion of the pargall 0.06 m/s to 0.27 m/s) not well correlated with tinee
mixed estuaries due to the fresh water dischargeariations in deeper layers, and at the end of the
baroclinic forcing and tidal stirring. The neartgady- sampling period the circulation in this layer was
state residual current Jv are down-estuary with towards north (v<O) in opposition with the near
speeds of 0.009 m/s and 0.003 m/s for the neap asdrface circulation (Fig. 6A). However, the curseat
spring tidal cycles, respectively. These profileb be  the spring tide are in phase at all depths and well
shown comparatively to the nearly steady-stateorrelated with the tidal oscillation and we may
analytical simulations. observe an increase in the velocity shear towdrds t

The down (>0) and up-estuary (<0) saltbottom (Fig. 6-B).
transport intensities due to the residual velocity
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Fig. 5. Eulerian time series of v-velocity profilesv(Z,t)] at the neap (A) and spring (B) tide t3& (28-29 and 04-06 of June
and July, 2001, respectively).



MIRANDATEAL.: CIRCULATION AND SALT INTRUSION 19

(A) 7 ®)

V-Component(m s
V-Component(m s™’)

TS 20 3 ) % 40 45 S €0 15 X > 0 » 40 I3 0 55

Time (hour) Time (hour)

Fig. 6. Time variation of the v-velocity componettthe surface (Z=0 — solid line), middle depth {Z5 -- dashed line) and
near bottom (Z=-0.9 — stars) for neap (A) and gp(B) tidal conditions (28-29 and 04-06 of JuneyJAD01, respectively).

The current roses (not shown) were draw forfable 1. Estimated free parameters and the onesinebit
the neap and spring tidal cycles and its analysishe  from the experimental results (*) used to the théoal
depths z=0.0, Z=-0.5 and Z=-0.9 indicated that th&imulation of the steady-state profiles of the louiy
secondary currents (u-velocity component) weré?on?pone”td_@ and salinity (9, for the neap-spring tidal
almost absent in the surface layer and presentedcy'C es conditions.

small increase up to 0,01 m/s towards the bottom. Variables Neap tide Spring tide
*V Vs 0.009 m/s 0.003 m/s
Steady-state Analytical Simulations *h 11.0m 11.0m
*n 0.85 0.85
, ) *S, 26.5 27.9
In the Hansen and Rattray's analytical +s,.,, 33.0 33.0
steady-state solutions of the v-velocity compor{ggt *Shead 1.0 1.0
and salinity (9 (egs. 1 and 2), in addition to the free :XAX 53888:: fgo%%omm
parameters (N K;, Ky, andty), we took into account 4x10° nels 910 s
the following physical quantities obtained from the K, 1.5x10° m?/s 2.5x10 /s
experimental results: i) the mean time-depth o Kno 1.0x1G nf/s 1.0x16 /s
0.02 N/nt 0.0 N/nf

residual velocity (¥, replacing the velocity driven by ™
the river discharge;yii) the mean water depth (h); iii)
the v parameter, obtained from the Stratification- Although some adjustments had to be made
circulation Diagram (results presented in itemin the free parameters, small discrepancies were
bellow), and; iv) the distance of the anchor statio observed in the salinity profiles (Fig. 7-A) andeth
from the mouth (x) measured on the nautical charSkill parameter was near one (0.96). Theoretical
The remaining parameters: the time-depth measalinity values minus the observational ones fa th
salinity S, and the longitudinal density gradient wereneap tidal cycle varies 0.58 psu at the surfacgs le
adjusted to obtain the best theoretical versuthan 0.05 psu along the halocline and 0.30 psheat t
observational profiles fit as indicate by the Skillbottom. For the v-velocity profile a good
parameter (eq. 3). All numeric values used in theorrespondence (less than 0.008 m/s) between the
theoretical simulation are presented in Table 1wad theoretical results and the observations was found
can notice that in the spring tide simulations thdFig. 7-B), and the Skill=1.0 indicates a very good
kinematics eddy coefficients ,NK,) are two times fit. Inspection of the experimental and theoretical
higher (ten times lower) than the one for the nigdgp  vertical profiles for the spring tidal cycle (Fig-AB)
simulations, however, for the horizontal eddyshows the model also gives a good agreement for the
diffusion coefficient K, its numerical values were the steady-state v-velocity component (Skill=0.98).
same for both tidal cycles. However, although the salinity profiles have simila

The best fits of the theoretical v-velocity configuration, for this tidal regime the theoretica
component (Y and salinity profiles ($ in salinity values minus the observational ones varies
comparison with the corresponding observationairom 0.07 psu and 0.13 psu on the surface andotto
profiles are shown in Figures 7 and 8 for neap antespectively, with higher deviation along the héilee
spring tidal cycles, respectively. from 0.20 up to 0.40 psu, and the validation patame

is close to 0.97.
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Fig. 7. Observational versus theoretical profilesthe neap-tidal cycle. Salinity (A) and v-velgcdtomponent
(B). The validation Skill parameters are 0.96 ar@Dlrespectively.

w (8)

- Ta0ry

— (b servation

0 o001 0@ 003 00t 005

25 2 285 2 25 0

Salinity v-Component (m's™)

Fig. 8. Observational versus theoretical profilesthe spring-tidal cycle. Salinity (A) and v-veiyccomponent
(B). The validation Skill parameters are 0.98 ar8¥Qrespectively.

According to the parameters used in theare due to tidal diffusion and the baroclinic shear
simulations (Table 1), it is worth to mentioningthi)  respectively.
it was assumed a weak and a negligible wind stess The Stratification-circulation diagram was
the neap and spring tidal cycles, respectively, i§nd also used to classify the channel using the resilts
as indicated above, some adjustments were necess#rg steady-state analytical simulations of theiwairt

in the free parameters {\K, and K,). profiles of salinity and the v-velocity component,
respectively, and the results were very close (8)g.
CHANNEL CLASSIFICATION AND with the v parameter almost the same (0.92). This

result is independent on the tidal fortnightly
modulation and may allow the conclusion that thalti
energy reaching the channel was insensitive to
fortnightly time scale tidal modulation. These fesu
re very different when compared to the ones frioen t
ower reaches of the estuarine Bertioga Channel (the
NE entrance of the Santos estuary), which was
strongly influenced by the fortnightly tidal modtién
and its classification changed from type 25d.7) to
B{ype 2av=0.9) during the transition from the neap to
ring tidal cycles based on winter time observetio
Miranda et al. (1998).

TiDAL STRAINING

The images of the stratification F0S-
S)/S)] and circulation [p=(v4Vy)] parameters of the
Hansen & Rattray’s classification diagram obtaine
from data of Figs. 7 and 8 for the neap=(p.073 and
p=11.42) and spring (p0.066 and g=12.49) tidal
experiments withv=0.85, classify the Piacaguera
Channel as type 2a (partially mixed and weakl
stratified) for both neap-spring tidal conditiorSig(. S
9). Hence, 85% and 15% of up-estuary salt transpotst;
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Fig. 9. Stratification-circulation diagram for neapd spring tide experiments. The channel is dladsas
Type 2a for both observational and theoreticalifg®fvith n=0.85 and n=0.92, respectively.

The energy of the tidal straining process dud-igure 3 of Nunes et al. (op. cit), the image dafsth
to the fortnightly tidal modulation and its influemon  values in the yversus h correlation lies well above the
water column stability was calculated in termstoé t density gradient line (1.2x10kg/nf) of the analytical
time rate of the potential energy anoma@jyaccording simulations, which confirms that the production of
to Simpson et al. (1990). Such calculations used tHurbulent kinetic energy was’t enough to promote th
steady-state results of the velocity profiles vav@ad  vertical mixing of the water column in the sprimget
its depth-mean value . The N-S density gradient

used in the equation (7) was the same of the acallyt CoONCLUSION
simulations (1.2x18 kg/nf’). Our results indicate that
there was a decrease in the time rate of the patent During the fortnightly tidal modulation

energy anomaly from 1.50x¥0J/nt.s to 0.56x10  opservation period the Piagaguera channel remaised
Jint.s, during the neap to spring tidal cycley partially mixed estuary and weakly stratifiedpgty
transitional period, respectively. This decreas@l@®  24) with almost de same mixing parameter calculated
why ,the occurrence of the halocllne_ break-downith experimental \(=0.85) and theoretical data
wasn't observed and the estuarine channgl_q g5y This independence on the tidal forcing may

stratification remained partially mixed (Type 2a)the be justified by the decrease of the potential eneate
spring tidal cycle.

Almost the same result may also be obtainqu) which ranged from 1.5x10J/nT.s to 0.60x18
using the correlation ofyunear bottom velocity) and &
the estuary depth (h) with the longitudinal density)/nt.s over the neap to spring tidal cycle, respegtivel
gradient used as a parameter, according to the Nune Although the channel was type 2a, the time
et al. (1989). This correlation represents therizaf variation of the layer Richardson number during the
the potential energy due to the estuarine cirautati neap tide was much higher than the upper limit
and tidal stirring which is taken as the boundaryRi >20) for which the turbulent mixing occurs in the
between mixed and stratified regimes. By plottihg t halocline. However, in the spring tidal cycle were
spring tide results (near bottom velocity at Z=@® calculated values lower than the critical number<R0)
u,=0.1 m/s from Fig. 6) and h=11 m (Table 1) in theand the bottom turbulence became effective. Dubdo
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