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Observations of thermohaline properties and currents were undertaken in the Curimataú River estuary, Rio Grande
do Norte, Brazil (06º18'S), in two tidal cycles of consecutive neap-spring tide in the Autumn rainy season. Highly
asymmetric neap tide along-channel velocities (-0.4 to 0.9 m s-1) and salinity stratification (20.5<S<36.3) were
generated by an increase in the river water input. During the spring-tidal cycle the river discharge decreased and the
longitudinal velocity components were higher, less asymmetric (-0.8 to 1.1 m s-1) and associated with moderate
stratified conditions (29.0<S<36.7); the Tropical Water mass was predominant in the estuary during this tidal cycle.
Due to the balance of tidal and baroclinic forcing and river discharge, the lower reach of the estuary alternates from
being highly stratified (type 2b) during the neap tide, with advection and diffusion contributing with 36% and 64% to
the net upstream salt flux, respectively, to being weakly stratified (transition from types 2a and 1a) during spring tide,
when almost 99% of the net upstream salt transport was due to tidal diffusion. The flushing time, indicating a quickly
renewal of the estuary water mass, varied from 0.7 and 1.4 days in the neap and spring tides experiments, and tidal
excursion changed by a factor of three, being 4.2 and 12.0 km, respectively. The physical characteristics of the
estuary were obtained as part of an interdisciplinary investigation of the Rational Sustentation of the Curimataú
Estuary, sponsored by the Fundo Nacional do MeioAmbiente - Ministério de Ciência e Tecnologia (FNMA-MCT).
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ABSTRACT

Dynamics of a Tropical Estuary: Curimataú River, NE Brazil

L. B. de Miranda †, A. L. Bérgamo † and C. A. Ramos e Silva‡

INTRODUCTION

The Curimataú River estuary in the Rio Grande do Norte
state (RN), located in the northeastern tropical region (06 18'S),
has a channel shape oriented in the SW-NE direction.
Freshwater input enters the estuary through several tributaries,
many of which flow through the mangrove forest, but no
gauging data were available during the period of the
experiment. In the coastal plain, almost 5-6 km from its mouth,
the river receives the waters of two sub-estuaries, the Cunhaú
and Guaratuba rivers (Figure 1).

No previous scientific results on its physical oceanography
was reported in the literature and the first bottom topography
data measured by ecosounding and the estuary geometry were
obtained and described by S (2001). The Curimataú river
estuary is shallow, being 500 m wide and deeper near the mouth
(10 m) at high water. Almost 2 km up estuary it widens to 1800
m and is characterized by a central channel with depth of 7 m at
high water. In the left and right margins wide shallows sand
banks are exposed during the low tidal water; near the
confluence with the Cunhaú river, the main channel narrows to
almost 300 m and a mean width of 286 m was estimated from
the mouth up to the salt wedge intrusion.

From April 29 to May 9, 2001, a field sampling was
undertaken during two neap-spring tidal cycles in the austral
Autumn, the period of the year with the highest rainfall in the
northeastern Brazilian coast. The main objective of this paper
is: i) to describe the spatial and local variation based on salinity
and velocity hourly measurements at an anchor station and
sampling along the estuary; ii) estimate the flushing time, tidal
excursion and the advective/dispersive salt transport
components; iii) estuary classification and characteristics on
the mixing processes. This investigation was conducted as part
of an interdisciplinary investigation of the Rational
Sustentation of the Curimataú Estuary, sponsored by the Fundo
Nacional do Meio Ambiente - Ministério de Ciência e
Tecnologia (FNMA-MCT). The knowledge of the physical
characteristics of the water mass of the estuaries represents a
great contribution to the protection, management and
sustentation of these natural environments.

Vertical profiles of hydrographic properties, current speed
and direction were simultaneously measured with a Valeport
CTD/current meter, model MkIII, over two tidal cycles at the
anchor station 3 (Figure 1), during neap and spring tides; the
sampling was taken at hourly intervals. Along-channel stations
(1 to 7-8) were also occupied around neap high slack and spring
low slack water. The instrument has the following precision:
temperature (T) 0.02ºC, conductivity (C) 0.003 mS cm ,
pressure (p) 0.005% decibares (FS), speed 0.01 m s and
direction 0.25º. Physical properties (T, C and p) were
converted to salinity (S) by the instrument microprocessor
according to the Practical Salinity Scale. The sampling closest
to the bottom was made almost at one meter above the bottom
and extrapolated to the depths of the water column; for the speed
it was assumed the maximum friction on the bottom.

Taking into account the advantage of the pressure sensor
precision it was possible to discretisize the sampling along the
water column in pressure intervals between 0.5 to 0.8 decibars.
Due to the shallowness of the water column at the anchor station
(depths between 3.7 and 6.5 m in the slack low and high water,
respectively) the sampling depth (z) was normalized, according
to K (1975) by the adimensional depth (Z): Z=z/h(t)
where h(t) is the water depth at the sampling time.

The velocity vector was decomposed in along (u) and cross-
channel (v) components with the Ox and Oy axis oriented
positively towards to the mouth and the right margin,
respectively. The Oz axis was oriented upward and its origin
taken on the free surface.

(1963), D (1974) and H (1981).
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In the classification of the estuary according to the
Stratification-circulation Diagram (H and R
1966) it was assumed laterally homogeneous and the steady
state condition was simulated by temporal averages during the
time interval of 25 hourly measurements during neap-spring
tidal cycles. Homogeneous laterally condition was also
assumed in the computation of the advective and diffusive salt
transport components. The main calculations used to
decompose the salt transport terms into mean, tidal, steady and
deviations terms were adapted by M (2002)
from B
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The overall or layer Richardson number (Ri ), as defined by
D (1988), was used for the analysis of the variability of the
mixing process during the tidal cycles. The formulation
assumes that the energy for mixing comes predominantly from
the flow over the bed and, according to this author, the limits
Ri =20 and 2, and Ri <2 were used as simplified mixing criteria
to investigate the temporal variation between flood and ebb
stages.

Tidal excursion has been estimated taking the time average
of the barotropic component up-estuary, times the
corresponding time interval between the low and high water.
The flushing time ( ), for a first determination of the time scale
involved in the water freshwater renewal in the estuary, was
calculated as the ratio of the freshwater volume ( ) to the fresh
water discharge ( ),
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where is the mean width of the estuary and is the fresh
water fraction. According to this equation V can be calculated

from the longitudinal salinity distribution [ ], if the salinity
in the adjacent ocean ( ) is relatively uniform in time. The
freshwater input was estimated by the product of the residual u-
velocity component times the cross section area.

In the western region of the Curimataú river basin (Paraiba
state) predominates a dry zone on the geomorphologic unit
called Depressão Sertaneja. In the RN state, further east of the
coastal plain, the climate is classified, according to Köppen, as
type As Tropical- dry in the summer and the rainy season is
anticipated to theAutumn (March/April to May/June).

In the northeastern Brazilian coast the prevailing
atmospheric circulation is due to the trade wind blowing from
the sea at angles varying from 45º to 135º, according to the
position of the Inter-Tropical Convergence Zone (ITCZ). Due
to the estuary main axis orientation along the estuary (Figure 1),
NE strong trade winds may impose a constraint to ebbing flow.

The neap tide experiment was realized under high
precipitation (70 mm) and NE light winds with variable strength
(4.0 to 5.5 m s ). The precipitation was over in the spring-cycle
experiment and there was little change in the wind field.

The results on the time variability of hourly u-component
velocity, salinity and depth obtained during the neap and spring
tide experiments (Figure 2) indicate that the estuary is forced by
semidiurnal tides.

The vertical hourly velocity profiles of the u-component
during the the neap tide experiment (Figure 2-left), indicated a
strong asymmetry between flood (u<0) and ebb (u>0) currents
with measured higher ebb than flood currents, with maximum
speeds varying between 0.8 and -0.4 m s , respectively. The
stronger ebbing current was generated by the fresh water
velocity component, caused by 70 mm rainfall during the
experiment. The vertical velocity shear is high in the ebbing
stage and the high water leads almost 2 h the velocity surface
current maximum. There was also observed a 2 h lag between
slack tide and slack currents. From the isohalines variability it is
apparent the halocline intensification and erosion; the surface
and near bottom the salinities varied in the intervals 20.5 26.7
and 26.8 36.3, respectively. The nearly homogeneous bottom
salinities over 36.0 indicate the intrusion of the Tropical Water
mass (TW) in the estuary. The stratification in the halocline is
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Figure 1. Oceanographic stations along the Curimataú River
estuary. Station 3, was sampled during two tidal cycles in neap
(30/01 April/May) and spring tide (8/9 May). Along estuary
stations were sampled during high and low slack water in the
neap (1 to 7) and spring (1 to 8) tidal cycles, respectively.
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Figure 2. Local variability of the u-component and salinity during the neap (left) and spring (right) tide experiment.
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greatest near high water, as the result of the up-estuary intrusion
of the saltier and more dense TW water, and the minimum
salinity gradient occur close to the low water originated by the
advective flux of less saline water during the ebb tide on its way
towards the estuary mouth.

Water temperature remained almost constant varying from
26.8 to 28.4 C.

In the spring tide experiment (Figure 2-right) the asymmetry
between flood and ebb tidal currents was small due to stronger
barotropic tidal currents and the decrease in the fresh water
discharge. The largest peak ebb and flood and currents were
almost 1.1 and 0.9 m s , respectively. Velocity shear was small
than in the neap experiment, except near the bottom as a result
of friction. Buoyancy was not important in controlling the
velocity shear because the vertical salinity gradients were
negligible. The maximum surface flooding velocity is almost in
phase with high water with a delay less than one hour. Due to the
tidal currents intensification, which enhanced vertical
diffusion, the salinity is weakly stratified reaching well-mixed
conditions at high tide when the water column is fully occupied
with the TW water mass. Due to the moderate stratification
surface and bottom salinities varied in the interval 29.0-30.2 to
36.7 and were associate with nearly isothermal conditions (27.8
to 28.8 C).

From the analysis the time variability of u-component
velocity and the current roses on the surface, mid depth and near
the bottom in the neap tide experiment, it was clear the cyclic
oscillations due to the semidiurnal tidal forcing. The asymmetry
change, relative to the slack current (u=0), between surface and
near bottom currents, showing the increase of the up-estuary
current intensities indicates the importance of the pressure
gradient force due to the baroclinic forcing due to the gradual
increase towards the bottom. In the spring tide the cyclic tidal
oscillations observed in the u-component due to the tidal
forcing was more intense with small asymmetry relative to the
slack current (u=0) and the influence of baroclinic currents
towards the head was less evident. However, as in the neap tide
experiment, both components exhibit cyclic semidiurnal
oscillations due to the tidal forcing.

The u-component velocity and the salinity in the spring tidal
cycles were almost in phase, an indication of a progressive wave
tidal regime.

The intensity of vertical mixing within the water column is
the result of the boundary and internal shear and the degree of
density stratification. Stratification reduces vertical mixing and
the vertical fluxes of ecologically important variables such as
phytoplankton, heat and nutrients in estuarine-mangrove

environments (U , 1990). The mixing was calculated

by means the layer Richardson number (Ri ) in a formulation
which relies on the supposition that the energy for mixing
comes predominantly from the flow over the bed, and the
internal shear is negligible (D , 1988). In the analysis of the
temporal variation of the mixing conditions during the neap
experiment, a clear signal of the semidiurnal tide was observed;
the Ri values varied from 10 to 20 on the ebb tide, associated
with a high stratified halocline at times of strong current
(0.2<|u|<0.9 m s ). Relatively higher values (70<Ri <100)
occurred associated with the low current regime (0.2<|u|<0.4 m
s ) of the flood current and similarly was associated with a high
stratified halocline. During the spring tidal cycle, when nearly
mixed conditions prevailed, there was no clear cyclic temporal
variation in the Ri ; most of the time the number was bellow 2,
reaching values as low as 10 , an indication that the mixing was
fully developed.

Nearly steady state conditions to calculate the stratification
and circulation parameters of the classical Stratification-
circulation Diagram (H and R , 1966), were
obtained from the time-mean salinity and u-component velocity
profiles for the 25 h period. Due to the fortnightly tidal
modulation, associated with the great decrease in the freshwater
discharge from neap to spring tide, the classification of the
estuary changed from type 2b (partially mixed-highly
stratified) to type 2a (partially mixed-weakly stratified), close
to the boundary between types 1 and 2. The key parameter
changed from 0.64 and 0.99, indicating that tidal diffusion was
responsible by 64% and almost 100% of the upstream salt flux
during the neap and spring tide period, respectively; the
upstream density-driven flux contribution was 36% during the
neap tidal cycle (Figure 3).

As previously stated, the neap tide measurements were made
during a period of high precipitation, under the influence of
light winds and around the ebbing slack water. During these
measurements the salinity varied from 30.7 near its mouth to a
salinity minimum of 4.1 on the surface, 13 km from the mouth
(Figure 1-station 7). Temperature variation was from 26.6 to
28.3C.

In the spring tide, realized under low fresh water discharge,
the sampling was made around the high slack water. The estuary
was weakly-stratified and under the strong influence of the
Tropical Water mass (S>36.0) near its mouth and surface values
as low as S 3.8 were found at the distance of 15 km from the
mouth (Figure 1-station 8), associated with nearly isothermal
conditions (28.0<T<28.9ºC). On the basis of the longitudinal
salinity distributions it was possible to convert the isohalines in
the corresponding values of the fresh water concentration
isolines =cte, were the undiluted salinity value ( ) was
taken as 36.7. Taking into account the u-component residual
velocity of the neap (0.06 m s ) and spring tide measurements
(0.02 m s ) and the cross section area, the freshwater discharges
were estimated as 120 and 40 m s , respectively. By numerical
integration of equation (1) and taking into account the mean
estuary width (286 m), the calculated flushing times were 0.7
and 1.4 days for the neap and spring tide experiments,
respectively.

The tidal excursion obtained by the product of the intensity of
the barotropic up-estuary component, times the corresponding
time interval between the low and high water, increased from
4.2 to 12.0 km in the transition period of the neap to the spring
tide experiment.

There was a pronounced change in the net salt transport and
its advective and diffusive components during the neap-spring
tidal cycle. In the neap tide highly stratified conditions (type
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Figure 3. Stratification-circulation Diagram showing the
estuary type changes from 2b (=0.64) to 2a (=0.99) due to the
fortnightly modulation from neap-spring tidal cycles and
decrease in the freshwater discharge.
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2b), freshwater was the main advective component reaching 7.3
kg m s , followed by the upstream or diffusive component due
to the density-driven flux (-1.8 kg m s ). The two others main
components tidal diffusion and the Stokes drift, which should
theoretically be up and down estuary, respectively, according to
theoretical salt balance of F (1979), were oriented
in the opposite sense, with intensities of -0.5 and 1.0 kg m s ,
respectively. The remaining components are only of marginal
importance and the net salt transport (6.3 kg m s ) was close to
the downstream salt transport component driven by the river
input, an indication of a decrease in the salt content within the
estuary due to the strong fresh water discharge.

During the spring tidal cycle, when the salinity structure was
close to complete vertical homogeneity (type 2a), the advective
component generated by the fresh water discharge decreased to
3.0 kg m s . However, it was observed a substantial increase in
the Stokes drift component to -4.8 kg m s but, as in the neap
tide experiment, in the opposite direction. The tidal diffusion
term was up estuary with a contribution of only -0.5 kg m s .
The remaining components are only of marginal importance
and, in transition from the neap to the spring tide experiments,
the net salt transport had its orientation reversed to up estuary (-
2.0 kg m s ), an indication that salt was accumulating within
the estuary, due to the intrusion of the TW water mass.

Our results indicate some characteristics on the hydrographic
properties, currents, estuary classification, flushing time and
salt transport balance in the tropical estuary of the Curimataú
river, Rio Grande do Norte, Brazil (06 20'S). Although the
samplings were not conducted in so many tidal cycles, as in the
tropical estuary of the Sungai Merbok, Malaysia (05 40'N)
(U 1990), similarities concerning the neap-spring
cycle of water column stabilization and destabilization were
observed. The stratification event was driven by intense
freshwater discharge coincident with the neap tide. The salinity
structure was close to vertical homogeneity during the spring
tidal cycle observations, occurring under low fresh water
discharge and the intrusion of the TW water mass.

The observed asymmetry during the neap tide experiment
was the result of the intense rainfall, resulting in an increase in
the ebbing surface currents to 0.9 m s .An opposite asymmetry,
with larger flood than the ebb current was described by
W (1997) in studying the salt intrusion in the Fly
River estuary (Papua New Guinea).

The temporal variation of the estuarine mixing was
calculated by means the layer Richardson number (Ri ). In the
ebb tide of the two neap tide cycles the variation was between
the limits of the simplified mixing criteria (Ri =2 and 20) of
D (1988). This fact, associated with the temporal variation
of the salinity stratification (Figure 2-left), indicates that in
these tidal stages turbulent mixing occurred near the halocline.
However, for the flood condition, the number Ri was higher,
varying from 70 to 100. Due to the up-estuary flow of TW water
mass during the spring tidal cycle, advected by currents up to
0.9 m s , Ri was predominantly less than 2, indicating that the
mixing was fully developed; the nearly well-mixed conditions
as shown in the salinity stratification (Figure 2-right). The
stability relaxation in the spring tide enhances vertical mixing
and the vertical fluxes, if ecologically important variables such
as phytoplankton, heat and nutrients concentrations are
available in estuarine-mangrove environments.

As the result of the changes in salinity stratification and the
circulation, generated by the combined influences of the
fortnightly tidal modulation and freshwater discharge, the
classification of the lower reaches of the estuary changed from
highly stratified (type 2b, = 0.64) to weakly stratified
conditions (type 2a, = 0.99).

It was observed a pronounced change in the net salt transport
and components during the neap-spring tidal cycle. The fresh
water discharge and the density-driven flux components

decreased from 7.3 to 3.0 kg m s and -1.8 kg m s to nearly
zero. The tidal diffusion term remained with the same value
(-0.5 kg m s ) in both experiments, despite the change in the
estuarine classification from types 2b to 2a. The Stokes drift,
which should theoretically down estuary, was oriented in the
opposite sense, and its intensities increased from -0.5 to -4.8 kg
m s , respectively. The net salt transport was down-estuary (6.3
kg m s ) in the neap tide and had its orientation reversed to up-
estuary (-2.0 kg m s ), an indication that salt was accumulating
within the estuary in the spring tide experiment. The physical
mechanism to explain this net change was the high fresh water
discharge component in the neap tide experiment and the
increase in the Stokes drift term in the spring tide experiment,
making able the up-estuary transport of the saltier TW water
mass.

The intense freshwater input during the neap tide experiment
besides to be main forcing mechanism in generating the down-
estuary circulation, its contribution to the salinity stratification
enhanced the baroclinic pressure gradient and the salt transport
component due to the gravitational circulation, which was
negligible in the spring tide period. Another influence of this
input was to damp the tidal excursion estimated in 4.2 km, in
relationship to the 12.0 km in the spring tide experiment.

Finally, as a concluding remark, we should mention that i) the
estuary is driven by semidiurnal tides and the imbalance of the
river discharge, longitudinal pressure gradient (barotropic and
baroclinic) forcing were responsible for the changes in the
hydrographic and dynamic characteristics of the estuary; ii).
The estimated flushing times 0.7 and 1.4 days for the neap and
spring tide experiments, respectively, is an indication that the
estuary water mass was quickly renewed during these events;
iii) as in many estuaries, intensification in the vertical
stratification was generated by an increase in the freshwater
input and the simplified mixing criteria, based in the layer
Richardson number, was useful to explain the changes in water
mass characteristics between flood and ebb stages and due to
the fortnightly tidal modulation
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