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ABSTRACT

The Jaguaribe River is the largest semi-arid Bieazitiver and represents an important water source
for the state of Ceara. The Castanhdo Weir, bailtegulate the flow of the Jaguaribe, began
operating successfully in the 1990s. As a restig lhydrodynamic regime of the estuary has
undergone alteration and is no longer subjectadfdnmer annual climatological variability of the
dry and rainy seasons. This paper introduces aesssent of the changes in the hydrological
conditions resulting from the construction of theimand investigates the structure of the density
stratification in the estuary. A field experimentisvconducted at the end of the dry season in
November 2009, during which salinity and tempematwere monitored at different levels for three
tidal cycles. The temporal variations in salinitydatemperature during the tidal cycles were 16 psu
and 1.5°C, respectively. The salinity exhibitedegtical variation of four units, while the tempenagt
variation was much lower. Several stratificatiordigators were calculated from the observed
density: the stratification coefficient, the Bruvigisala frequency and the potential energy anomaly.
The results showed that the parameters behaveadynitifferences being observed only in their
relative magnitudes. The vertical structure of ¢istuary exhibited marked stratification during the
ebb tide but vertical homogeneity during both fleod high tide. With the regularized flow existing
under present conditions, the estuary exhibits &gfme and a partially mixed structure for the
period studied, despite the typical expectatioa bfpersaline and well-mixed vertical structure.

REeEsuwmo

O rio Jaguaribe é o maior rio do semi-arido brasileconstituindo uma importante fonte de agua
para o estado do Ceard. Na década de 1990 entrooperacdo o Agude do Castanhdo com o
objetivo de regularizar a vazéo do rio Jaguaribgua obteve grande sucesso. Como consequéncia
foi alterado o regime hidrodindmico do estuario,gual atualmente ndo estd mais sujeito a
variabilidade climatolégica anual de estagGes sechuvosa. O presente trabalho apresenta uma
avaliacdo da mudanca do regime hidrolégico antepds a construcdo do agude, e investiga a
estrutura de estratificacdo da densidade nos esu&oi realizado um experimento de campo em
novembro de 2009, no fim da estagdo seca, quansaliridade e temperatura da agua foram
monitorados em diferentes niveis durante trés idi® maré. A variagcdo temporal da salinidade e
temperatura durante os ciclos de maré foram desd@&1,5°C, respectivamente. A salinidade chegou
a apresentar variagdo vertical de 4 unidades, etmaae a variacdo da temperatura foi bem inferior.
Foram calculados parametros indicadores da eitemfifo a partir da densidade: coeficiente de
estratificacdo; frequéncia de Brunt-Vaisdla; e anzia da energia potencial. Os resultados
mostraram que os parametros comportam-se da meameire) apenas com diferenca da magnitude
relativa de seus valores. A estrutura vertical dudio apresentou estratificagdo pronunciada
durante a fase de vazante da maré, e verticalrhentegénea na fase de enchente da maré e durante
a preamar. Dada as condi¢Bes presentes, com vegélarnizada, o estuario apresenta padrdo de
estratificagdo parcialmente misturado e hiposaligoando seria esperado uma condicdo bem
misturada e hipersalina para o periodo estudado.

Descriptors: Estuarine hydrodynamics, Weir, dammifigter management, Jaguaribe River, Ceara.
Descritores: Hidrodindmica estuarina, Agude, Baamatm, Gerenciamento de recursos hidricos, Rio
Jaguaribe, Ceara.
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INTRODUCTION largest between the S&o Francisco River (641,000
km?) in the south and the River Parnaiba (344,000
Estuaries are restricted bodies of water Whe,kmz) to the west. The seasonal variation of the rdinfa

there is ameasurable dilution of seawater br€gime is well defined: there is a rainy seasotirigs

freshwater from continental drainage due to the freflom Februaryto May and a dry season from
connection  with the ocean (CAMERON; August to November. The rainfall is of approximgtel

PRITCHARD, 1963). Most of the materials 720 mm'y_’l’ and the water balance between
generated by continental weathering are carried Précipitation and evapotranspiration is mainly risga
oceans via estuaries, which indicates the impoetafic N the dry season.

these environments to global ecology (MIRANDA ef The hydrological seasonality is reflected in
al., 2002). Estuaries act as efficient traps fotemials € estuarine hydrodynamics. During the dry season,

due to their hydrodynamic and biological there is no river input, and estuarine circulatisn
characteristics (SCHUBEL; CARTER, 1984), whichgoverned by the tides; the circulation patternfithe

result in environments with high primary produagvi Well-mixed type. In the rainy season, discharge
that serve as a nursery for many species. Thelncreases significantly and may completely flusk th

environments are directly affected by human acgisit Salt water from the estuary (e.g., SCHETTINI 2002a)

such as urban development, port-related activities ©F maintain a stratified flow pattern. However, .
shrimp farming and are indirectly impacted throug|hundreds of dams have been constructed in the basin

watershed management. to supply water, due to the semi-arid climatic
The filtration efficiency of a given estuary conditions. The two largest reservoirs on the Jabea

depends on several factors, such as its morphaindy RIVer areéhesorés, built in the 1960s, with a céfpac
flow regime, although estuary water circulationoals ©f 2-1 X 10 7', and the Castsanhao, built in the 1990s,
plays a major role (DYER, 1995). Estuary SystemWlth a capacity of 6.7 x fa°. The purpose of these

dominated by river discharge characteristicallyipixh da@ms was to permit a perennial discharge of the
a highly stratified vertical salinity distribution Jaguaribe River in its lower course (FUCK JUNIOR,

governed by fluvial advection and lower filtering 2008) so as to sustain agricultural activity and to

efficiency (e.g., SCHETTINI et al., 2006). In esiear SUPPly water in the middle portion of the basin thoe
where there is a balance between river and tid Metropolitan region of Fortaleza through the "Catual

forcing, the vertical pattern of salinity is paltya Trabalhador”. This artificial channel consists af a
stratified, and estuarine circulation plays an impet ~ 2dueduct that begins 35 km upstream from the gstuar

role in scalar transport inside the estuary, resglin  iNet, at the village of ltaicaband extends as far

efficient systems for the retention of materialg(e. S Fortaleza City. At this point, a wet passage (a
GEYER et al., 2000). The tide-dominated estuarieShallow barrier) was constructed that determines th

present a well-mixed vertical distribution of sityp ~UPPer limit of tidal propagation up the Jaguaribe

and the filtration efficiency may be low or RiVer. , ,
high depending on the morphology and behavior ¢ The effect of the perennial, regular discharge

the tde (e.g, WOLANSKI: RIDD, 1986; from the Jaguaribe River is reflected in the
SCHETTINI: MIRANDA 2010). ’ ' " hydrodynamic conditions of the estuaryand has

The construction of dams to supply water is ;Eliminated the previous effect of the climatic

common intervention in most rivers flowing throughVarnability. As a result of the present constaveri
semi-arid areas that significantly impacts the jtoys 1"PUt, the dynamics of the estuary are determined
chemical characteristics and circulation of esasly ~Mainly by the modulation of the tide. The objectofe
reducing their flow in the rainy season (GENZ et al thiS Study is to characterize the pattern of theica
2008) and maintaining a perennial flow during tmg d distribution of the density in the middle estuafyttee
season. The reduction of flow results in increaseJ@guaribe River by assessing the intra-tidal effetts
salinity intrusion and a decreased sediment loa Salinity and temperature on estuarine dynamicshen t
increased residence time and changes in the dynarPasis of ~a short-term experiment and the

maximum turbidity zone (REDDERING, 1988; contextualization of the situation in relation tioe
SKLAR: BROWDER. 1998 ALBER ' 2002)_' current hydrologic framework. A brief assessment of

However, the perennial flow can produce an increa:the tide propagation behavior in the estuary i als
in the average flow during the dry season, whicly mePresented.
result in increased water-column stratificatior
associated with the gravitational circulation anc
residual circulation displacing the estuary zon
seaward (GENZ et al., 2008).

The Jaguaribe River is the longest river in
semi-arid region in Brazil, and its river basin et

Study Area

The Jaguaribe River basin extends over
75,670 km and is the largest and most important
‘in the state of Ceara (CE). Itis located leetw



FROTA ET AL.:STRATIFICATION IN A SEMI-ARID ESTUARY 25

the coordinates 4°30’ and 7°45 S and 37°30' an(FIGUEIREDO et al., 2005). Shrimp have a
41°00'W (Fig. 1) and is situated almost entirelghin  particularly important effect on the hydrodynamafs
the boundaries of the state of Ceara. The Jaguarithe estuarine system. The farms in the estuaryrcove
River has an extension of 630 km and an average flcapproximately 19.7 kiof free surface, whereas the
of approximately 60 rhs?. lane surface area of the estuary is of only
The average annual air temperature iapproximately 7 kfh Water is pumped from the
approximately 25°C, with little seasonal variability estuary, causing a loss of water, by evaporatmthe
(CAMPOS, 2003). Rainfall presents a negativiatmosphere. However, the effects of this practeesh
gradient from the coast inland. The average annunot been evaluated. The perennial contributiorhto t
rainfall is approximately 1,270 mm in the humidriver estuary currently occursby means of
coastal region and 470 mm throughout most of tkthe controlled release of water from the Castanhéo,
basin in the semi-arid region (VERISSIMO et al. Orés and Banabuit dams (FUCK JUNIOR, 2008).
1996). The local astronomical tides are semi-diurnal;
An important feature of the regional climate the maximum spring tide attains a height of 2.8&nd
is the contrast between the winter and summerathinf the maximum neap tide one of 1.5 m (SCHETTINI et
The rains that occur between December and Januzal., 2011), resulting in an intermediate stage betw
often result from the arrival of cold fronts frorhet micro- and meso-tide, in accordance with Davies'
south and the formation of cyclonic vortices. Betwee classification (1973).
February and May, considered to be the rainy seasc
the rains impact the position of the Intertropica M ATERIAL AND M ETHODS
Convergence Zone (ITCZ), a system that is consider
directly responsible for regulating the climate thé

region (CAMPOS, 2003). _ estuary of the Jaguaribe River from November 24-26,
The Jaguaribe River estuary is 'OCf‘t,e(zoog, covering three complete semi-diurnal tiddesyc
between the municipalities of Fortim and Araca; i (¢hirty-seven hours) under neap tide conditionse Th

mouth is situated approximately 100 km east Cgynariment used instruments anchored in the thalweg
Fortaleza, in a region characterized by sandy sact ¢ the cross-section, located nine kilometers estr

with large dune fields exposed to constant winde Thsom the mouth (Fig. 1) at a depth of 6 m. An Adiwis
estuary, relatively narrow - though up to 900 mevid poppjer Current Profiler (ADCP; ADP-1500 SonTek)
in certain places, extends for 35 km to the villé§e a5 installed to collect data on the speed andtitire
ltaicaba. It ~also includes ~mangrove areasyt oyrrent probes, and three data loggers measuring
covering about 12 k,ﬁ”” the lower estuary. _water conductivity and temperature (CTs; Diver CTD
The estuarine regionis of great economitgchiymberger) were situated at surface, midwatdr an

importance due to shrimp farming ~which haspear hottom levels. The ADCP had technical problems
adapted the species cultivated to farming condition 54 did not report any data.

and also to the great profitability of the entespri

A field experiment was conducted in the

-37°46"

_ Atlantic
. Ocean

‘ LY
! Cowfa Equatr .o ~
o ! \ Fortaleza
“ Brazil -
. N
.
£ Capricom r
Station
|

/ = Aracati

4°35" >

g Jaguaribe river

-4°401

-37°46"

Fig. 1.The Jaguaribe River estuary, indicating the padirmtata collection.
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Salinity was calculated from the recordings o of fresh water were added to the tank, thus grégual
conductivity and temperature made by the CTs usirdiluting the salt content until it approached zero.
algorithms to determine the practical salinity scaf Figure 3A shows the temporal variation of salinity
1978 (FOFONOFF; MILLARD, 1983) by means of recorded by the CTs and CTD during the procedure.
the routines for Matlab (MathWorks Inc.) provideg b The CTs were designated S, M and B in reference to
Phil Morgan at http://www.cmar.csiro.au. the level (surface, midwater and bottom, respelgtive

A preliminary inspection of the salinity data of the data loggers during the fiedckperiment. Mean
revealed that in periods of high tide, the salimifthe values were calculated for each additional fresh
surface exhibited higher values than were obseated water interval to allow comparisons across the @ens
midwater and bottom depths, while the low-wate The results of the calibration considering the
surface values were lower (Fig. 2A). This behaigor reference CTD value are shown in Figure 3B. The CT-
abnormal, as in classical estuaries salinity irs@ea B results showed the greatest consistency with the
from the surface downwards because an increaseCTD; a linear 1:1 salinity relationship was observed
salinity implies an increase in water density. Thituntil a salinity of slightly above 40 was attain&dhe
observation suggested that the CTs were nCT-M also exhibited a linear relationship with CTD,
functioning properly or that the calibration appglie but with a gentler slope, which generates little
was incorrect. For confirmation, a verification discrepancy at low salinity, whereas a salinity
procedure using a CTD probe type (SD-204 SAl\relationship of 30 (CTD) produces a discrepancy of 5
A/S) was performed as a reference. units. The CT-S showed strongly nonlinear behavior

A salt solution was prepared using sodiunwith salinity at the upper limit of 20. Polynomial
chloride and fresh water. The initial concentratrams  functions for the best-fit curves (Table 1) were
estimated at 50 psu. This value was based on tgenerated using the Matlab Curve Fitting Toolbox
conductivity range of the CT’s and the CTD of 80 m¢(Mathworks Inc.). Once corrected, the data were
cm’®, which corresponds to a salinity of approximatehconsistent with the pattern expected for classical
60. The CTs and CTD were immersed in saline and sestuaries, exhibiting a negative vertical gradieht
to record data at intervals of one second. Asalinity throughout the experiment (Fig. 2B).
approximately one-minute intervals, 200 ml volume:
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Fig. 2. Temporal variation in salinity levels atetisurface (S), midwater (M) and bottom (B) durihg experiment. A.
Uncalibrated data; B. Calibrated data.
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Figure 3.A. Time series of salinity obtained durthg calibration procedure for the CTs. B. Relatops between the salinity
values recorded by the CTs and those recordedeb@ D during calibration. The values are relatethtlevels of the probes
during the field experiment. S: surface, M: midwaB bottom.

Table 1.Salinity adjustment equations for the CTs. Sea level data were obtained from a station

of the Fortaleza Geodetic Permanent Tide Gauge

CT Adjustment Equations r2 Network (Estagdo Fortaleza da RedeMaregrafica
S -0.004565x2 + 0.0648x + 1.035 0.9991 Permanente paraGeodésRMPG) from the Brazilian

' Institute of Geography and Statistics
-0.0004815x° + 0.02517x* +0.9028x +  0.9991  (|nstitutoBrasileiro de Geografia e Estatistid®GE)
1.253 located at the Port of Mucuripe, Fortaleza - CE (03°

B 0.002477x2 + 1.124x — 0.5382 0.9996 42.9'S; 38°28.6'W).

ResuLTs anpDiscussion

From the corrected database for salinity
(Fig. 2B), the density of water was calculatec
according to the equation of state for sea wate The semi-arid Jaguaribe River basin is
(FOFONOFF, = 1985) using Matlab routinespyqrologically characterized by well-established
(MathWorks, Inc.) available from Phil Morgan at gnnyal rainy and dry seasons. Figure 4 shows the
http://www.cmar.csiro.au. _ ) _ seasonal variation of precipitation for coastala@ati)

_Data on flow in the Jaguaribe River basir ynq innermost areas (Orés and Jaguaribe). The rainy
and rainfall were obtained from the Nationageason is concentrated between February and May,
Water Agency (AgénciaNacional de Aguas - ANA)pile the dry season occurs mainly between August
through the HIDROWEB tool and the Cearéyng November. Rainfall is slightly higher near the
Foundation of Meteorology and Water Resourceqqast during the wet season: during the dry season,
(FundagéoCearense de Meteorologia there is no distinction between different areas.
RecursosHidricos - FUNCEME). Before the construction of the Castanhdo

River discharge data were recovered anyejr which was completed in 1995, the flow in the

analyzed in a time series from a station locatepagin followed the hydrologic cycle of precipitatjo
downstream from the Castanhdo Weir (Peixe GOrCqithough with considerable interannual variability

Station, 5°13'39"S; 38°11'52" W and altitude of 50(gjg 5). Average monthly flow rates of up to 3,000
m). _PreC|p|tat|on data were obtained for the Jagaar, mest (1974) were recorded during the rainy season,
Station (located at 5°54'S; 38°37'W), for the Orosynjje in other years, the average monthly flow it
Station, (located at 6°15'S; 38°55'W) and forngt exceed 700 m¥s. This variability is related to
theAracati Station (located at 4°34'S; 37°46'W). large-scale climatic conditions, such as the Seathe
Oscillation - EI Nifio and Atlantic Dipole

Hydrological Regime
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600

(ANDREOLI; KAYANO, 2007), influencing the
position of the Inter-Tropical Convergence Zone  soo o PreGastannao
After construction of the weir, the flow was regeld, ] ‘-,/
resulting in a considerable decrease of their marim )
values in the annual rainy season. Moreover, i fl
rate was maintained at higher levels than thos
occurring during dry periods. Figure 6 illustratista / y ot Cantomnis
presented in Figure 5 in terms of the monthly ayesa 100 /
pre- and post-construction of the Castanhdo Wei ]
Before the construction of the weir, the monthlyafin JFM A M J J A S8 O N D

at a point in the Jaguariberiver downstream from th Time (months)

weir pre§ented amaximum O.f gpprommately 5§é§3m Fig. 6. Average monthly flow for the period from 1962 to
in the rainy season and a minimum value of 1’8'm g5 (pre-Castanh#o), prior to the constructiothef weir,

in the dry season. After the installation of thérmie  and from 1995 to 2010 (post-Castanhdo) at a station
recorded flow rates were homogeneous throughout t downstream of the Castanh&o Weir on the Jaguaiite.R
year, averaging approximately 35°sh and opening

the gates of the weir was sufficient to control tiver

400

300

Flow (m?®s”)

discharge. Only under extreme conditions, when tt Tides in the Jaguaribe Estuary
reservoir level exceeds the safety limit, are therw
gates opened to allow higher flow rates downstream. A variation in the water level of 1.24 m was

The regularization of the flow rate influencesrecorded during the observation period (Fig.7),
the estuary's functioning as a filter as matermhdfer indicating a neap tide condition. The tidal waveswa
occurs across the continent-ocean interface. Tisymmetrical between the tidal cycles, with neahlg t
extreme reduction of flow considerably reduces thsame period of flood and ebb, which indicates a low
export of sediments which occurs during periods cdegree of distortion due to shallow water tidal
high discharge onto the continental shelf. Largevfl propagation.

events are able to move larger volumes of sedime Figure 7 also shows the temporal variation of
than those moved under low-flow conditions (DYER the synoptic water level in the Port of Fortalezhe
1998; SCHETTINI, 2002b), distance between the mouth of the estuary and the
harbor is approximately 110 km. The harbor tide
° ARAGATI gauge is located at Ponta do Mucuripe, representing
7 open sea conditions (SCHETTINI et al., 2011). The
_ . N T same pattern is observed throughout the moutheof th
E 5 estuary, albeit with a phase shift. The propagatibn
T 4 — oceanic tides in this area occurs from east to west
§ 3 (PUGH, 2004), and the tide in Fortaleza exhibits a
R phase delay compared with the tide of the estuary,
based on the difference in the timing of high tides
! e <] found in the records.
°7TF W A ™M 7 3 A s o N b The difference in the water level between
) - Months . the coast and the recording site in the estuay
Fig. 4. Annual variation of the monthly average daily raihf : :
fo?the AracatiOrés and Jaguaribe re)g/ions fo? thdzonyfrom 0.1 m, which suggests_an energ_y_ reduction ofuabg
1974 to 2010. 10% for the neap tide condition recorded. This

decrease in the amount of energy is the restlte

frictional effects of the edges on the upstreamvflo
%000 associated with a hyposynchronous tidal pattern
(NICHOLS; BIGGS, 1985). The width of the estuary
is between 100 and 300 m, and the depth of the

2000)

Flow (m?s7)

1000 “ “ “ l channel at the measuring point is approximately 5-6
L gL L;yo“k‘ﬂs‘“‘wau L isdhawud  m. Upstream from Aracati, 18 km from the mouth of
Tine (yoart) the estuary, there is a depth reduction to apprateéiy

Fig. 5. Time series of the Jaguaribe River flow betwee 1 m, and more effective dissipation of the tide is
the years 1962 and 2010; no data between 1985 €expected to occur from this point.

1996.
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Fig. 7. Change in the water level observed in steary of
the Jaguaribe River (solid line) and at the PorFoftaleza
(dotted line).

Vertical Structure - Stratification and Mixing

Figure 8 shows the vertical and tempora
distributions of salinity, temperature and density
indicating the variation in the structure of theteva
column as a function of the tides. The overall ager
salinity was 11.4, with a variation of 16 units ebsd
during each tidal cycle. The pattern of variation i
salinity followed the tidal cycles, with maximum
values recorded during high tides and minimum \&lue
during low tides. The vertical structure exhibitad
salinity variation of 4, with mean values of 9.7,.4
and 13.1 at surface, midwater and bottom level
respectively. The minimum and maximum value:
recorded for the surface, midwater and bottom feve
were 1.8 and 17.4, 3.0 and 19.7 and 5.5 and 20.

..STRATIFICATION IN A SEMI-ARID ESTUARY

29

respectively. During most of the period examinds, t
water column exhibited a vertically homogeneous
pattern. Vertical stratification of salinity wascoeded
only during periods of low tide, showing a diffecen

of up to 5 units between the surface and bottom.

The overall average temperature was 28.8°
C, with minimum and maximum values for the
surface, midwater and bottom levels of 28.3 an®,29.
28.3 and 29.6 and 28.3 and 29.6 °C, respectively. In
contrast to the pattern of variation in salinithet
temporal variation of temperature did not followe th
tidal variation. The lowest temperatures were réedr
at low tide during the night of the 25th, and thghlest
temperatures were recorded at ebb tide during dlye d
on the 25th and throughout the subsequent low tide.
The energy balance induced by daytime heating and
nighttime cooling of estuarine waters caused this
modulation.

The density, expressed as the density
anomaly (Sigma-t), averaged 4.8 kg mexhibiting
minimum values near zero and maximum values near
11. The oscillation of the density correspondgittly

to the observed salinity variation. For the comxdiis of
temperature and salinity recorded, the variabiiity

density due to temperature was only 0.5 Kg.m

whereas that due to the salinity was 13.6 k§.m
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Fig. 8. Temporal Distribution/Vertical DistributioA. salinity (psu), B. temperaturéQ) and C. density anomalyT: kg m®).
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The density distribution pattern shown in A characteristic parameter indicative of
Figure 8C indicates the highest vertical gradientstratification is the buoyancy frequency (or Brunt-
during the ebb tide phase, when the vertical atrect Vaisala),N, given by
of the estuary becomes stratified. During the fltdd
phase, the vertical structure becomes homogeneo y2z — _ 92 2)
The modulation of increasing the stratificationtlire p oz
ebb period and the mixing during the flood phase i . . . )
explained by the tidal straining (e.g., SIMPSONet Whereg is the gravity acceleration anmdis the
2004). Considering the oscillatory tidal flow, thater ~dePth. In a stable water columN, > 0, which
displacement on the surface will be higher duento t indicates that a parcel displaced vertically veihd to
near bottom bed shear, resulting in slower near b(€Urn to its level of hydrostatic equilibrium and,
currents. Additionally, taking into account thedepending on the potential energy gain, will oatl
longitudinal density gradient along the estuaryy lo @round the resting level with a frequencyNf The
density waters will flow over higher density waters9réater the stratification, the higher the valuéipthe
during ebb tide, increasing the stratification. Th¢Smaller the value oR, the greater the kinetic energy
maintenance of a stratified vertical structure &mn CONsumption involved in the production of turbulent

justified by the relatively low energy dissipatiaathe ~MiXing, which leads to vertical homogenization. The
tide travels up estuary (e.g. Figure 7). The san Nighest values dfl are usually found in the area of the

effect applies during the flooding process, thoug pycnocline, which coincides wit_h the halocline het
producing reverse stratification with an increage i c@S€ Of coastal waters or estuaries (POND; PICKARD,
density upwards. This creates an unstable situati(2003)-

which results in water parcels' overturns and watti
mixing.

A third way to evaluate the stratification of
the water column is using the anomaly of potential

The evolution of the vertical structure of the €N€ray.®, calculate by
water column during the tidal cycles was evaldat ’
in terms of the stratification parameter (e.g.¢ = % fo (p—p)zdz 3
HANSEN; RATTRAY, 1966); buoyancy frequency,

or Brunt-vVaisala frequency (e.g., DNKSTRA yhere h is the depth. This parameter measures the
2008); and anomaly of potential energy (e.g., LEWIS gnergy required to completely mix the water colughn
1996). _ _ _ m®). For homogeneous conditions, the valueofill

The dimensionless parameter of stratificatiolye ‘near zero. Its value increases with stratificgti
used by Hansen and Rattray (1966) in theitypical values are of the order of tens. The valitsib
stratification-circulation diagram for the classéftion f the anomaly of potential energy is understoothas
of estuaries is a parameter that is simple to okaad energy balance during each tidal cycle (LEWIS,
widely used (DYER 1973, 1986, 1997, OFFICER 1996). while the average level of the tide is uagc
1976; PRITCHARD, 1989). The stratification reference for zero potential energy, the elevations
parameter is usually calculated based on the i@miat gepressions in the tidal cycle represent the variaif
in salinity. In this case, the density was utilized e potential energy stored in the system. The
allow comparison with other parameters indicati¥e Cyaximum potential energy occurs at high tide, when
the vertical structure. For purposes of estuarinig,e anomaly is minimal, and the water column is

classification, this parameter is calculated avei@g ertically homogeneous, as indicated by e Bnd
over one or more tidal cycles. However, its caltafa Figure 9 shows the temporal variation of

for instantaneous values allows one to visualize ttgyantitative indices of stratification. All tree
vertical structure’s changing during the differstalges  jngices exhibited very similar temporal variation,

of the tide. - _ differing only in terms of the scale of variatiom the
The stratification parameter e is calculatecypits, ~ The  coefficient of stratification ranged
by between 0.11xI® and 5.1x1¢. The buoyancy
paps frequency ranged between -3.07%1and 48x1¢ s*.
e=1tts (1)  The anomaly of potential energy (Fig. 9C) ranged

g from 0 to 93 J.mM. The relationship between all of

where pp is the bottom density; ps is the surface these parameters is strongly linear (Fig. 10); the
density; andj is the depth averaged density. Focorrelation coefficients are close to 1 betweemi@
homogeneous conditionss = 0, whereas under and between SP and N and equal to 1 between SP and
conditions of maximum vertical density stratificatj ¢ (Table 2).

the amount of vertical variation will be approximigt

0.025.
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Fig. 9. Temporal variation during the anchoring Af:the coefficient of stratification, B. the
frequency of thrust and C. the potential energynzaig.
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Fig. 10. Relationship between: A. the stratificatiparameter (SP) and potential energy anomalg. the
frequency between the thrust, N apjchnd C. SP and N.
Table 2. Linear regressions between SP, Ngand The conditions observed during the

experiment, although limited to three neap tidaley,

are representative of the hydrodynamic conditions
Relationship  Adjustment Equations  r2 modulated by changes in the hydrological regime of
SP x 0.0002 x + 0.03 1 the estuary. The experimgnt was perforlmed o!uriag th

dry season, when conditions of null river discharge
N x 0.0002 x + 3.93 0.97 and dominance of tidal processes would be expected.
SP x N 1.014 x — 0.0002 0.97 However, the perennial river discharge due to the
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operation of the Castanhdo Weir has completelstructure is observed during flood and high tidel a
changed the past seasonality characteristics,@gnsh highly stratified structure is detected during ebin
in Figure 6. This is indicated by the low salinviglues low tide. The general pattern of stratification
recorded during the experiment, increase corresponds to a partially stratified estuary typee
stratification during periods of low water and thestratification indexes, stratification parameter,
general vertical distribution pattern, which exklsba buoyancy frequency and potential energy anomaly,
partially stratified salinity type (e.g., PRITCHARD, showed almost identical behavior with differences
1989). In this type of estuary, water mixing occurionly of the order of magnitude of the respective
between fresh and marine waters. The effect of tid values.
turbulence on stratification breakdown is balanbgd The effect of perennial river discharge
the buoyancy flux resulting from the advectionesdd- enhances the filtering capability of the estuarywo
dense river water. It is expected that during gptide  ways: by avoiding the extreme flooding events by th
conditions the vertical salinity structure shoulccreation of reservoirs, and by the maintenance of a
become less stratified or even well mixed due tcontinuous river discharge even during the dryqukri
stronger tidal currents and vertical mixing - withe  which maintain an active estuarine gravitational
reestablishment, therefore, of the stratified waiti circulation at neap tides and lead to tidal pumping
structure in the next neap tide period. during spring tides. The export of materials to the
The sedimentary processes in estuaries acontinental shelf will occur only under extreme
determined by density gradients, waves, tides,ggner conditions, such as during marked 'La Nifia’ periods
dissipation regarding the influx of the river andwhen excessive rain is to be expected.
meteorological forces (DAVIS, 1985; DYER, 1995).
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