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a b s t r a c t

This study reports the hydrodynamics of the transport of suspended particulate matter (SPM) in the
Jaguaribe River estuary, which receives the runoff from the largest drainage basin in the state of Cear�a,
Brazil. The estuary is located in the semiarid region of Brazil, where rainfall occurs primarily between
January and May and results in water flow rates exceeding 3000 m3s�1. The drainage basin contains more
than 4000 dams, which, during the dry season, block most of the flow of freshwater and sediment. The
net balance and transport of sediments were calculated for the wet and dry seasons considering a tidal
cycle of 13 h at the interfaces between the upper and middle estuary and between the middle and lower
estuary. The Jaguaribe River estuary is classified as partially mixed with weak vertical stratification and a
tendency toward being well mixed. The SPM transported during the rainy season originates in the
drainage basin due to high river inflow, whereas during the dry season, resuspension and hydraulic fills
generated by tides causes the accumulation of SPM in the middle estuary, forming a zone of maximum
turbidity. The transport of salt in the estuary was predominantly caused by gravity flow and tidal
propagation.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The understanding of physical processes that regulate transport
from the continent to estuaries and from there to the inner conti-
nental shelf (ICS) are based on direct measurements performed in
these environments. Certain classic studies (Officer, 1976; Dyer,
1986, 1987; Miranda et al., 2002) highlight the complexity of
studying the hydraulics of suspended fine sediments (cohesive and
non-cohesive) and those transported by saltation due to the
intrinsic hydrodynamic characteristics of estuarine systems. The
deficit or accumulation of sediments in coastal zones can signifi-
cantly alter the development of the coastline and result in losses
and gains in coastal areas and damage to civilian structures (French
et al., 2008; Valle-Levinson, 2010; Syvitski and Kettner, 2011).
ias).
Increased loads of suspended particulate matter due to watershed
development (Syvitski et al., 2005; Milliman and Farnsworth, 2011)
cause considerable impacts on estuarine and marine ecosystems.
These impacts include sedimentation (Weber et al., 2012; Flores
et al., 2012), elevated turbidity reducing photic depth (Fabricius
et al., 2013, 2014), and stressors associated with pollutants
attached to sediment such as nutrients and trace metals (Dias et al.,
2013a,b; Weber et al., 2006).

Delandmeter et al. (2015) showed that sediments are deposited
and retained in a bay near a river mouth, while suspended sedi-
ments that travel longer distances are transported within fresh-
water plumes during flood events. Thus, at the continent-ocean
interface, the transport of suspended particulate matter becomes
complex and hardly predictable in estuaries where the influence of
the tide leads to an increased residence time of freshwater, and
therefore of fine sediments (clays, silts), in a turbidity maximum
zone (TMZ) (Dyer, 1986). As a result, the fluxes of riverine sus-
pended particulate matter (SPM) exported to the ocean in such
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estuaries are currently poorly documented, due to a lack of
appropriate measurements that take into account the seasonal
cycles of river discharges (Fettweis et al., 1998). When available,
field measurements are expensive and are either specific to a time
period or a geographical location (i.e. not representative of the
riverine or estuarine section); they are recorded several (some-
times hundreds of) kilometers upstream from the river mouth and
do not take into account the trapping of sediments in estuaries
(Ludwig et al., 1996; Schlunz and Schneider, 2000).

The Jaguaribe River is the most important river in the state of
Cear�a (Northeastern, Brazil); its watershed measures approxi-
mately 76,000 km2, which is almost 50% of the state's area. Campos
et al. (2000) observed that until the 1950s, the flows in the Jagu-
aribe River were very irregular and ranged from 0 m3s�1 in the dry
season to 7000 m3s�1 in the rainy season. This variability led to the
construction of dams as a strategy tomitigate the effects of a lack of
rain during 9 months of the year and to increase water availability
to meet growing urban and agricultural demands (Marins et al.,
2011; IBGE, 2014).

Dams change the downstream hydrologic regime and control
the flow variability, making these flows independent of rain and
making the physical and chemical quality of the estuarine water
dependent on a balance between low stream flows and tidal forces,
which can cause erosions of ancient sedimentary deposits (Marins
et al., 2003; Godoy and Lacerda, 2013), due to decreasing of
freshwater discharges. High salinity has been observed as far as
30 km inland from the river mouth (30 g kg�1), whereas salinity in
the middle estuary may be higher than in the adjacent coastal
water (34.5e36 g kg�1) (Dias et al., 2013a,b). Studies conducted
between 2004 and 2006 indicated that during flood tides, water
velocities reached 0.58 ms�1 with flow rates of 350 m3s�1, whereas
during ebb tides, velocities did not exceed 0.4 ms�1 with flow rates
of less than 200 m3s�1, highlighting the effect of the decrease in
stream flow on the estuary system (Dias et al., 2009). In contrast
with reservoirs built for energy generation with their steady out-
flows and smaller downstream impacts, reservoirs for water stor-
age such as those in the Jaguaribe River basin affect freshwater
flows in estuaries only in exceptionally rainy years (Dias et al.,
2011). Lacerda et al. (2012) compared the effect of dams on the
Jaguaribe River estuary during the dry season after a strong rainy
year with water freezing in the mouths of rivers draining into the
Arctic, when river flows are blocked and the residence time (RT) in
marginal lakes are longer. Whereas during the period of higher
river discharge, river flows are greater and reach the adjacent
coastal zone, and RTs are shorter in estuaries. The trend of
increasingly short intermittent rainy seasons has resulted in a
greater influence of tidal waves in the Jaguaribe River estuary and
in increased colonization by mangroves (Maia et al., 2006; Godoy
and Lacerda, 2015), increased water salinity (Marins et al., 2003;
Dias et al., 2013a,b), enlargement of beaches, development of
islands in the middle estuary, and extensive erosion at the river
mouth (Godoy and Lacerda, 2013). Due to changes in estuarine
dynamics, the authors have observed an impacted sedimentary
system comprising the full range of particle size (from mud to
sand). Therefore, a better understanding of the suspended partic-
ulate matter on the estuary and on the variations in flows and
currents associated with the dry and rainy seasons is essential to
understanding the mixing process and to identifying the factors
that cause mixing and advective transport of salt and other
chemicals. The aim of this study was to physical characterization of
an estuary located in the northeast of Brazil, in the semi-arid
climate, showing how the material transport, net balance and the
residence time may show a high variability between the rainy
season and dry, linked to hydrodynamics imposed by successive
dams along the river Jaguaribe.
2. Study area

The local climate is characterized by strong seasonality and two
well-defined periods: a rainy season spanning from December to
May, which can last until mid-July, with the highest rainfall (posi-
tive water balance) in April, and a dry season (drought, negative
water balance) spanning from June to November, with the lowest
rainfall in September. The seasonality of the rainfall is controlled by
the Intertropical Convergence Zone (ITCZ), which, during the
austral summer, causes northeasterly trade winds to bring air
masses to and produce rain in northeastern Brazil between January
and May. During the second half of the year, the ITCZ is weak and
associated with southeasterly trade winds, which generate the dry
season (Funceme, 2010).

The highest water levels in the drainage network of the Jagu-
aribe River basin (Fig. 1A) historically occurred from February to
April, which coincides with the period of high rainfall in the region
(Godoy and Lacerda, 2013). An analysis of historic water flows in
the Jaguaribe basin (ANA, 2006) indicates that the flow rates
decreased from 1978 to 1989. Maximum flow rates of 2250 m3s�1

occurred in 1985. The flow rates were significantly lower between
1990 and 2006 with an average of 24.5 m3s�1 and peaks as high as
251.3 m3s�1 in 1996, with a decrease of up to 10-fold in the flows
rates from the Jaguaribe River basin to the estuary system. The
changes in flows in the Jaguaribe River during the 20-year period of
1987e2007 reflect the increase in the number of dams in the basin
and the changes in rainfall due to global climate change (Moncunil,
2006). The construction of the dams began in the mid-twentieth
century and ceased in the early nineties.

The dams located along the Jaguaribe River are for increasing
water availability once there is a growing demand for water. In
addition to increasing the stored liquid volume, the suspended
sediments are retained by dams, affecting the morphodynamic
balance in the estuarine region. During the rainy season, when the
rainfall is within the historic averages, the effect of the dams is
despised, and the volume of freshwater and suspended sediments
arrive in the estuarine region, whereas during the dry season the
estuarine system behaves as a sea arm (Dias et al., 2011).

Several studies conducted in the region, Dias et al. (2009, 2011,
2013a) have shown that there is a small spatial fluctuation between
the interfaces higher/middle estuary and the middle/lower estuary,
and that these interfaces are located in the cities of Aracati and
Fortim. The interface Higher/Middle estuary (HE/ME) shows the
fluvial and materials contributions of the drainage basin to the
estuarine system, whereas the interface Middle/Lower estuary
(ME/LE) shows the estuarine system contribution to the inner
continental shelf, according to the classification of Dias et al.
(2013a,b).

Dias (2007) reported that the total water flows in the estuary
between 2005 and 2006 were dominated by flood flows in
September 2005 and February 2006, when a dissipative effect of
the tidal wave occurred in the flood plains of the river. In June 2006,
this author observed a predominance of ebb flows. At that time, the
total water volume varied depending on the type of tide, and the
volume of fresh water in the system reached 95% of the total vol-
ume in February 2006. During the dry season, the total water vol-
ume was 44% more than that observed in February 2006, and this
phenomenon is related to the spring tide observed in September.
However, the fresh water fraction varied between 11.7% and 14.7%
in September 2005 and June 2006, respectively. The flushing time
spanned 2 h during the dry season and 12 h during the rainy season.

Dias et al. (2013) observed the formation of an estuarine plume
during a period of intense rain in 2009. This plume extended 6 km
along the shoreline and occupied the upper 2 m of the water col-
umn. Based on thermohaline indices, the authors characterized



Fig. 1. A - Location map of the Jaguaribe River estuary, northeastern Brazil. Cross sections denoted by black lines are the locations of the ADCP profiles developed in May and October
2009. B - Areas represented by each SPM sampling station, i.e., Voronoi polygons, in the Jaguaribe River estuary and the Inner Continental Shelf.
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three water masses: river water (RW) with temperatures higher
than 29 �C and salinity of less than 30 g kg�1, coastal water (CW)
with temperatures between 28 �C and 29 �C and salinity between
34.5 and 36 g kg�1, and tropical water (TW) with temperatures
between 25 �C and 27 �C and salinity exceeding 36 g kg�1.

Lacerda et al. (2013) showed that the extreme dry and rainy
seasons that occurred in 2009, when total season rainfall varied
from 330 mm to 8 mm between the rainy and the dry season
respectively, encompassed all possibilities of flux magnitude which
occurred between 2005 and 2009. During the rainy season, a pos-
itive net flux to the ocean occurred. However, even during the
extreme rainy period of 2009, marine waters contributed signifi-
cantly to the total flow, mostly from the estuary to the sea, as
observed by much larger flows at this interface, compared to the
river to estuary interface. During the dry season, discharge to the
ocean was mostly due to tidal waters entering the estuary, with a
small contribution from the higher basin.

Between 2005 and 2009, as a result of differences in the water
flow, the water residence time in the middle estuary varied
significantly between seasons. Shorter residence times of less than
one day were typical of the rainy periods, when freshwater fluxes
were maximal and mostly positive, as in 2009. During the rainy
seasons, the proportion of fresh water to the total volume present
in the estuary varied from 70% in low precipitation rainy seasons to
95% in the extreme rainy season of 2009, resulting in water resi-
dence times in the estuary that varied from 0.5 days in high-rainfall
rainy seasons to a maximum of 3 days in low-rainfall rainy seasons
(average 0.8 days for the rainy seasons between 2005 and 2009). In
contrast, the water residence times during the dry seasons were
much longer, varying from 0.2 to 13 days (average 3.1 days for the
entire monitoring period) (Lacerda et al., 2013).
3. Materials and methods

Two field investigations were performed in the rainy and dry
seasons at the HE/ME interface to quantify the fluvial contribution
of the drainage basin to the estuary and at the ME/LE interface to
quantify the contribution of the estuary to the ICS (Fig. 1). Estuarine
zones were defined by Dias et al. (2009, 2011) following the
methodology proposed by Miranda et al. (2002). Water properties
(temperature, salinity and density) were measured at two points
(left and right margins, with a distance of 120m) at these interfaces
hourly for 13 h in thewet and dry seasons. Themeasurements were
recorded using a CTD with a rated temperature range of �5 �C to
40 �C, conductivity range of 0e90 ms cm�1, and pressure range of
0e2000 dbar. The frequency of data acquisition by the CTD was
15 Hz, and the descent rate of the devicewas 0.5 ms�1. The CTDwas
used as a standalone unit, and the data were stored in the device's
memory. After the CTD was pulled from the water, the data were
downloaded and subjected to an initial quality control procedure.
Inconsistent data due to systematic and random errors were
deleted, and these data gaps were filled using linear interpolation
such that only the profiles with a level of interpolation of �5% were
included in the analysis. Only the data obtained during the descent
of the CTD were used because the ascent of the device involves
more turbulence than the descent and disturbs the stratification of
the water column.

To measure the instantaneous velocity each hour, a towed ADCP
(Sontek/YSI) with a frequency of 1500 MHz was used in the di-
rection perpendicular to the flow. Burst interval data were acquired
every 5 s using 0.25-m cells at depths between 6 and 7 m in the
rainy season and depths between 3 and 4 m in the dry season.
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3.1. Thermohaline structure

During pre-processing of the CTD data, spurious data were
detected and excluded based on a maximum rate of change of each
variable; values exceeding this limit were excluded. We used a
Gaussian filter to fill the gaps left by the removal of inconsistent
data. After the pre-processing, we evaluated the profiles at 0.5-m
depth intervals from the surface to the bottom, and values that
differed from the average by more than 3 times the standard de-
viation of each block were eliminated (Emery and Thomson (2001).

Due to the varying height of the water column during a com-
plete tidal cycle in the rainy and dry seasons (9.0 and 4.0 m,
respectively), the sampling depth (z) was normalized by its
dimensionless value (Kjerfve, 1975);

Z ¼ z
hðtÞ; (1)

where h(t) is the water depth during sampling and Z is the
normalized depth. The water properties (S, T) were interpolated in
the water column at intervals of 0.1 Z. The main characteristics of
the time variations and the scalar properties were described on the
surface (Z¼ 0) and near the bottom (Z¼ 1.0) in a regime of ebb and
flood tides (Miranda et al., 2002; Bergamo et al., 2002).

After determining the values in each interval and removing the
spurious values, the gaps in the temperature and conductivity data
in each 0.5-m interval were filled using a moving window and a
filtering procedure; the replacement values were weighted aver-
ages of adjacent values. The Gaussian window was the Hanning
type. The number of adjacent values included in the average cor-
responded to the size of the window, and the distribution of the
weightings in relation to the central value was determined by the
type of window (Emery and Thomson (2001).
3.2. Currents

Profiles perpendicular to the average direction of flow were
delineated, and the currents were measured during a full tide cycle
(13 h) at the HE/ME and ME/LE interfaces. The vertical velocity was
used as a diagnostic parameter to validate the data related to the
water flow in the estuary system. Decomposition of the velocity
vector relative to the local reference plane of orthogonal Cartesian
coordinates Oxy was performed in the longitudinal component u
(along channel) and in the transverse component v (cross channel).
Following the decomposition of the velocity vector recorded each
hour, the components were determined for each ith depth at each
point.

The averages in space and time were numerically integrated in
accordance with the methods of Miranda et al. (2002) and Bergamo
et al. (2002). The vertical profiles of the scalar properties were
generically denoted by P ¼ P (Zj,t) sampled at discrete dimen-
sionless depths (Zj¼ 0,e0.1,e0.2,…e1), and the averages of these
profiles in time were calculated by numerical integration:

P
�
Zj; t

�
> P

�
Zj
� ¼ 1

T

Z T

0
P
�
Zj; t

�
dt (2)

Once the average profile was obtained for each dimensionless
depth, the average value of the property in the water column was
obtained numerically:

< P
�
Zj; t

�
> ¼ P ¼

Z 0

�1
P
�
Zj
�
dZ (3)

where the symbols <> and the bar (�) indicate averages in time
and space, respectively, during intervals of time equal to a period of
a complete tidal cycle (T) along the water column.

To estimate the barotropic effect of the tide, the average value of
the scalar property P ¼ P (Z,t) in the water column was calculated
by numerical integration:

P
�
Zj; t

� ¼ PðtÞ ¼
Z 0

�1
PðZ; tÞdZ (4)

This value was subtracted from the corresponding quasi-
stationary value of P obtained in equation (3). To calculate the
average values in the areas A ¼ A (x,Z) of the cross sections in the
time interval (T) of the scalar properties P ¼ P (A,t) ¼ P (x,Z,t), we
used the equations

< Pðx; Z; tÞ � Pðx; ZÞ ¼ 1
T

Z T

0
Pðx; Z; tÞdt (5)

and

< Pðx; Z; tÞ> ¼ P ¼ 1
A
∬ A Pðx; ZÞdxdz (6)

When expressing average values in the water column, the
property P (x,Z,t) was the longitudinal component of velocity v ¼ v
(x,Z,t), and the difference between the average value in the water
column and the stationary value vt ¼ v (x, Z, t) e < v (x, Z,
t) > represented the effect of the barotropic component of the
pressure gradient force.

3.3. Transport volume and residence time

The transport volume (TV) or estuarine flow in the sections
perpendicular to the average flow in area A¼ A (x, Z) was calculated
by numerical integration using the equation

TV ¼ 1
T

Z T

0

2
641
A
∬ A v!:N

!
dA

3
75dt; (7)

where v!¼ v!ðx; Z; tÞ is the velocity vector, N
!

is the versor normal
to section A, T is the period of a complete tidal cycle, x is the hor-
izontal distance of the section, and Z is the depth.

To calculate the size of the tidal prism, we used the model of
Officer (1976), in which TP is defined as the volume of water in the
estuary between ebb and flood tide. After the variation in transport
volume (TV) during a tidal cycle was calculated, the integration of
transport during the time interval (Dt) corresponding to a half cycle
of a semidiurnal tide is equal to the tidal prism (TP), which was
calculated using the equation

PM ¼
Z Dt

0
TVdt: (8)

The average salinity in the estuarine system was calculated
assuming a mixture of seawater (Vp) and continental water (Qf)
during a semidiurnal tidal cycle and assuming that the entire vol-
ume was removed from the system at low tide. Therefore, for
conservation of the mass fields (volume), we used the equation

S ¼ VP�
VP þ Qf :

� S; (9)

where S is the average salinity in the estuary during flood and ebb
tides assuming a well-mixed estuary, and S0 is the undiluted
average salinity of seawater in the adjacent ocean region.
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Additional details of this method were presented by Luketina
(1998) and Miranda et al. (2002).

In the mixture zone (MZ), it is common to observe the effect of
the longitudinal salinity gradient, indicating that because of the
dilution of seawater, a portion of fresh water is retained in the
estuarine system (Miranda et al., 2002). Assuming that the estuary
water is the result of mixing of seawater and freshwater, the
amount of freshwater (Vfw) was calculated using the equation

Vfw ¼ Qf :

PM
(10)

The flushing time (TD) and residence time (RT) represent the
time that a water particle or molecule (organic or inorganic) re-
mains in the estuarine system during flood and ebb tides. Accord-
ing to Ketchum (1950), the TD of a liquid volume and the RT of
organic and inorganic compounds transported and retained in the
estuary system represent the ratio between the volume of fresh-
water (Vfw) retained in the MZ and the river discharge (Qf):

RT ¼ Vfw

Qf :
(11)
3.4. Vertical instability and advective transport of salt and SPM

Vertical instability of the water column was evaluated after
calculating the Richardson numbers for the estuary (Rie) and its
layers (RiL). Rie establishes the ratio between the gain in potential
energy due to river discharge and the kinetic energy of the tide and
was adapted from Dyer (1974), Hunkins (1981), and Miranda et al.
(2005):

Rie ¼ gDrHhua
ru3rmq

; (12)

whereDrH is the density difference between the seawater and river
water; hua is the river discharge per unit of width; and u3rmq is the
mean square root of the velocity generated by the barotropic effect
of the tide approximated by urmq ¼ ðuðtÞ � uaÞ, where uðtÞ is the
average velocity in the water column. The Richardson numbers of
the layers (RiL) were calculated using the equation

RiL ¼
ghDrv
ru2

z
ghbDSv

u2
; (13)

where h ¼ h(t) is the local depth, Drv and DSv represent the dif-
ference between the surface and bottom density, u2 is the average
velocity in the water column, and b is the saline contraction coef-
ficient. Values of RiL � 2.0 indicate vertical instability of the water
column, and values of RiL � 20.0 indicate high vertical stability.
Intermediate values of 2 < RiL < 20 indicate weak vertical stability.

The average salt transport (ST) during a complete tidal cycle is
divided into the components due to river discharge, Stokes deri-
vation, tidal propagation, gravity flow, residual diffusion, tidal
shear, and non-stationary effects of the wind.

Ts ¼ 1
T

Z T

0
½ r u S dz �dt ¼ < ruSh> (14)

To determine the spatial gradient of the SPM, water samples
were collected in duplicate at 18 stations along the estuary channel
of the Jaguaribe River. In the ICS, samples were collected from 16
stations arranged in 5 sections perpendicular to the average di-
rection of the 10-m isobath. SPM flows were calculated using the
equation

TMPS ¼ ∬ A 4 v!$ n! dA ¼ ∬ A 4:udA ¼ 4uA (15)

where TSPM is the discharge of SPM [kg�1], u is the integrated
average velocity in the water column (ms�1), 4 is the average
concentration of SPM (mg.L�1), and A is the average area perpen-
dicular to the longitudinal direction of flow (m2). The area repre-
sented by each SPM sample was delineated based on a
spatialization of the area of operation of each sample using Voronoi
polygons (Fig. 1B) (Aurenhammer and Klein, 1989).

4. Results and discussion

4.1. Thermohaline structure

At the HE/ME interface, the temperature during the sampling
period (13 h) ranged between 29.6 �C and 30.2 �C with an average
of 29.9 ± 0.2 �C (Fig. 2A). At the ME/LE interface, the pattern was
similar, i.e., a range between 29.3 �C and 30.3 �C and an average of
29.9 ± 0.3 �C (Fig. 2B). The temperature ranges observed at the HE/
ME and ME/LE interfaces were 0.6 �C and 1 �C, respectively, rep-
resenting increases of 0.05 h�1 and 0.08 h�1, respectively. The
vertical salinity structure was essentially constant across the es-
tuary (Fig. 2C and D) and ranged between 0.143 and 0.144 g kg�1

with an average of 0.142 g kg�1 at the HE/ME interface (Fig. 2C) and
between 0.149 and 0.194 g kg�1 with an average of 0.171 g kg�1 at
the ME/LE interface (Fig. 2D). The small variations in the vertical
thermal and saline gradients, i.e., essentially vertical lines, indicate
the homogeneity of the water column across the estuary in the
rainy season due to the influence of river water, which is warmer
and less saline. The high rainfall in the region during the sampling
period caused high river discharges to the estuary, which are
evident in the small or almost nonexistent thermal and saline
gradients at the HE/ME and ME/LE interfaces.

In the dry season, the temperature at the HE/ME interface
(Fig. 2E) was typical of continental water during the ebb tide and
ranged between 28.9 �C and 29.5 �C, whereas during the flood tide,
we observed a mixture of continental and coastal waters with a
range of 28.1 �Ce28.5 �C. This pattern was also observed at the ME/
LE interface (Fig. 2F). The salinity of the Jaguaribe River at the HE/
ME interface (Fig. 2G) displayed a pattern typical of estuarine wa-
ters and ranged between 2 and 5 g kg�1 during the ebb tide and
between 8 and 17 g kg�1 during the flood tide, indicating a dilution
of continental water by coastal water. The vertical orientations of
the isohalines suggest complete mixing in the estuary. During the
ebb tide at the ME/LE interface (Fig. 2H), we observed a typically
estuarine water mass, whereas during the flood tide, there was a
predominance of coastal water; the highest salinities were
observed near the bottom, suggesting only slightly the presence of
a salt wedge.

4.2. Current field and outflows

The current velocities in the Jaguaribe River estuary were
determined at the HE/ME and ME/LE interfaces in the rainy and dry
seasons of 2009. We adopt the convention u > 0 to express longi-
tudinal velocities at ebb tides and u < 0 to express longitudinal
velocities at flood tides.

In the rainy season, in the 13 profiles (Fig. 3A), the longitudinal
component of the current (u) at the HE/ME interfacewas uniform in
that all currents were discharges (u > 0) and the highest velocities
were observed at the surface. At this interface, velocities reached
1.3 ms�1, with an average of 0.76 ± 0.33ms�1. The same patternwas
observed at the ME/LE interface (Fig. 3B): higher velocities of



Fig. 2. Vertical variations in temperature (�C) at the HE/ME interface (A,E) and ME/LE interface (B,F) and in salinity (g.kg�1) at the HE/ME interface (C,G) and ME/LE interface (D,H) in
the rainy and dry seasons of 2009.
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Fig. 3. Longitudinal velocities during a tidal cycle at the HE/ME(A,E) and ME/LE (B,F) interfaces and mean profiles of stationary velocity during a tidal cycle at the HE/ME(C,G) and
ME/LE (D,H) interfaces in the rainy and dry seasons of 2009. ua is the average stationary value of the longitudinal component of velocity; 〈u (Z)〉 is the average temporal profile at the
dimensionless depth.
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approximately 1.63 ms�1 at the surface and an average of
0.86 ± 0.39 ms�1. A comparison of the transverse (v) and longitu-
dinal (u) components indicates that the mean transverse compo-
nent was 4-fold lower at the HE/ME interface (0.15 ms�1) and at
least 2-fold lower at the ME/LE interface (0.48 ms�1). This greater
magnitude of the longitudinal component indicates its importance
to the renewal of water in the estuary system, even at times of high
river discharge. The unidirectional pattern observed at both in-
terfaces resulted from high river flows during the rainy season. The
effect of the river on the estuary system is easily identified based on
the gravity flow calculated from the stationary velocities, (ua)
(Fig. 3C and D), which were 0.76 ms�1 and 0.81 ms�1 at the HE/ME
and ME/LE interfaces, respectively. The positive values of ua
measured in the rainy season indicate the downstream transport in
the estuary and indicate that the system was a water exporter
during the period of unidirectional flow, corroborating the results
obtained by Dias et al. (2011, 2013a,b).

However, in the dry season, the unidirectional flow observed in
the rainy season became bidirectional at the HE/ME (Fig. 3E) and
ME/LE (Fig. 3F) interfaces, demonstrating the stronger influence of
tides in the system. The longitudinal velocity measured during the
ebb tide (u > 0) at the HE/ME interface (Fig. 3E) ranged between
0.09 and 0.87 ms�1 with an average of 0.43 ± 0.23 ms�1. During the
flood tide (u < 0), the longitudinal velocity ranged between �0.05
and�0.91ms�1 with an average of�0.42 ± 0.24ms�1. At theME/LE
interface (Fig. 3F), the longitudinal velocities ranged between 0.08
and 0.88 ms�1 during the ebb tide, with an average of
0.36 ± 0.22 ms�1, and between �0.04 and 0.64 ms�1 during the
flood tide, with an average of 0.27 ± 0.17 ms�1.

Similar to what was observed in the rainy season, the transverse
component compared with the longitudinal component during the
flood tide in the dry season was an average of 2-fold lower
(0.12 ms�1) at the ME/LE interface and 10-fold lower (0.04 ms�1) at
the HE/ME interface. At low tides, the velocity of the transverse
component was 4-fold lower (0.09 and 0.10m s�1 at the HE/ME and
ME/LE interfaces, respectively) than the longitudinal component.
The bi-directionality of flow in the dry season shown in Fig. 6
demonstrates the loss of importance of the fluvial component af-
ter a period of high runoff at both interfaces, indicating that the
marine component is an important agent in the renewal of estua-
rine water during this time of year. The pattern observed in the
Jaguaribe River estuary in the dry season (Fig. 3G and H) indicates
the greater influence of tides at the two interfaces. However, the
stationary profile at the HE/ME interface (Fig. 6G) presented a ve-
locity of 0.02 ms�1, indicating that this interface was a location of
export of water to the estuarine system. In addition, the average
velocity of the stationary profile at the ME/LE interface (Fig. 6H)
was �0.06 ms�1, indicating that this interface was a location of
import of water to the estuary.

The gravity flow downstream of the estuary in the dry season at
the HE/ME interface and upstream of the estuary at the ME/LE
interface suggests that the water volumes per unit area that enter
the estuary system during flood tides are similar to those that leave
the estuary at low tides, based on longitudinal components that
were very close to zero, indicating the importance of tidal dynamics
in the region.

In the rainy season, the flows per unit area at the HE/ME inter-
face (Fig. 4A) ranged between 1108.4 and 1563.4 m3s�1 with an
average of 1326.6 ± 158.1 m3s�1, whereas at the ME/LE interface
(Fig. 4A), the flow rates ranged between 1721 and 2664.9 m3s�1

with an average of 2195.1 ± 347.2 m3s�1. However, in the dry season
at the HE/ME interface (Fig. 4B), the flow rates ranged between 72.4
and 174.6 m3s�1 during the ebb tide, with an average of
132.8 ± 41.1 m3s�1, and between �181.9 and �287.4 m3s�1 during
the flood tide, with an average of�238.7 ± 34.6m3s�1. At theME/LE
interface (Fig. 4B) at low tides, the values ranged between 109.4 and
578.2 m3s�1 during the ebb tide, with an average of
335.2 ± 184.7 m3s�1, and between�445.2 and�617.1 m3s�1 during
the flood tide, with an average of �567.2 ± 64.1 m3s�1.

The net balance as a function of the flow rates in the rainy and
dry seasons indicates that unidirectional flow occurred down-
stream of the estuary in the rainy season, corroborating the pattern
of temporal variations in the currents (Fig. 4C). However, in the dry
season, higher flow rates were observed during the flood tide,
creating a flow of 328.5 m3s�1 into the estuary, of which
202.4 m3s�1 left the estuary during the ebb tide, which led to
retention of 38% of the volume that entered during the flood tide.

4.3. Tidal prism and residence time

The highest river discharges occurred in the rainy season (Fig. 4).
In addition, the drainage basin exported a total water volume of
55 � 106 m3 to the estuary, which combined with the 42 � 106 m3

present in the estuarine system (ME), resulted in the export of
97� 106 m3 of water to the ICS, with freshwater accounting for 99%
of the discharge at both interfaces. The discharge rate observed in
the rainy season at both interfaces was approximately 12 h.

In the dry season, the volume of water exported from the
drainage basin to the estuary ranged between 5.9 � 106 and
11 � 106 m3, and the percentages of freshwater during the ebb and
flood tides were 80.0% and 75.7%, respectively. At the ME/LE
interface, the water export volume ranged between 15 � 106 m3

and 25 � 106 m3, and the percentages of freshwater during the ebb
and flood tides were 27.0% and 9.7%, respectively, demonstrating
the greater influence of seawater at this interface. The rate of
discharge ranged between 10.0 and 3.4 h during the ebb tide and
between 9.4 and 1.2 h during the flood tide at the HE/ME andME/LE
interfaces, respectively.

Fig. 5 shows the tidal prism balance in the rainy and dry seasons.
In the rainy season, the Jaguaribe River estuary behaved as water
exporter based on its unidirectional flows, whereas in the dry
season, the largest volumes were associated with the flood tide,
generating retention of 4.9 � 106 m3, which represented 36% of the
input volume and indicates that the estuary was a water importer
at this time of year. The difference between the volume of water
that entered during the flood tide and the volume retained in the
ME contributed to the transport of water to the ICS during the ebb
tide. Moreover, there was a reduction in the volume transported
seasonally: in the dry season, the average reduction was 84% at the
HE/ME interface but only 52% at the ME/LE interface, indicating the
great fluvial influence in the rainy season. The reduction in river
volume clearly results in a decrease in the water volume trans-
ported to the estuary between the rainy and dry seasons, based on
the decreases of 89% at the HE/ME interface and 64% at the ME/LE
interface. A greater influence of seawater in the dry season was
noted based on the analysis of the input volumes at these two in-
terfaces, where the average transported volumes were 40%e47%
higher, respectively.

4.4. Estuary type

In the rainy season, the average temporal variation in the ve-
locity (uðtÞ) in thewater column reached 1ms�1, whereas thewater
level decreased 0.25 m throughout the day (Fig. 6A). At the ME/LE
interface, even with a higher river volume, the average velocity
(0.9 ms�1) and the range in water levels (5.18e5.58 m) varied with
the modulations in the semidiurnal tides (Fig. 6B). In addition, an
average lag of 1 h between the maximum and minimum flows at
flood and ebb tides and a difference between water velocities and
water levels were observed. In the dry season, the change in water



Fig. 4. Flows at the HE/ME and ME/LE interfaces in the Jaguaribe River estuary in the rainy season (A) and dry season (B) of 2009, and the net balance of water flows ( m3s�1) at the
HE/ME and ME/LE interfaces in the Jaguaribe River estuary in the rainy and dry seasons of 2009. The distance between the HE/ME and ME/LE interfaces was approximately 25 km,
and the average depth was 4 m.
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velocity and water level was associated much more with the
semidiurnal variations in the local tides and at the HE/ME interface,
the average height of the tide was 1.4 m, and there was an average
lag of 1 h between maximum flows during the flood tide and
minimum flow during the ebb tide (Fig. 6C). However, at the ME/LE
interface, due to the asymmetry between the velocity and level
curves, the measurement of the gap between the events was
compromised because the curves did not show points of inflection
between the ebb and flow tides (Fig. 6D).

Fig. 7 shows the tidal wave propagation and its effect on the
salinity in the rainy and dry seasons. The asymmetry between the
curves at both interfaces was generated by the river flow in the
rainy season, based on the low salinity values. However, in the dry
season, when the river flows were low, the average lag between
minima and maxima was 3 h at the HE/ME interface (Fig. 7C),
whereas at the ME/LE interface, the phase difference between the
curves was 40 min (Fig. 7D). This pattern indicates that the prop-
agation of high salinity when entering the estuary is affected by the
river flow downstream of the estuary, causing a lag in relation to
the dynamic tide. The interaction between the tidal wave, which
propagates upstream of the estuary, and the local morphology is
responsible for the rise in tidal height and the increase in current
intensities. The rise in tidal height is related to the narrowing of the
estuary channel at the HE/ME interface and stronger side and
bottom friction, which raise tidal heights in this area.

Fig. 7 EeH shows the influence of the propagation of the baro-
tropic tide. Fig. 7 AeD shows that in the rainy season, there was a
strong asymmetry between variations in the tide and salinity,
which were generated by the higher river flow, whereas in the dry
season, the semidiurnal modulation of the tide controlled the entry
of the tidal wave into the estuary channel. This seasonal difference
suggests that the redistribution of salinity is caused exclusively by
the advective effect of the tide because during the flood tide, the
salinity gradually increases upstream of the estuary to the inner
limit of the ME, whereas during the ebb tide, the salinity decreases
because of the higher amount of freshwater stored during the flood
tide. Therefore, the saline wave in a given longitudinal position lags
approximately 3 h behind the tide and currents; this pattern was
observed during a period of low river flow at the ME in the Jagu-
aribe River estuary.

The data plotted on the stratification�circulation diagram of
Hansen and Rattray (1986) show that in the rainy season, due to the
low salinity, it was not possible to classify the estuarine system
(Fig. 8). However, in the dry season, the estuary was a type 2a
system (partially mixed and with weak vertical stratification) in
which gravitational movement was virtually nonexistent and the
transport of substances from upstream of the estuary was virtually
all due to turbulent diffusion. The value g ¼ 0.99 indicates a tran-
sition between types 2a and 1a (well mixed).

Due to the high river discharge in the rainy season, it was not
possible to calculate the estuarine Richardson number (Ri). How-
ever, in the dry season, the Ri was 6.1 during the tidal cycle. Fig. 8B
shows the temporal variation in the Richardson number by layer
(RiL). The RiL values indicate a condition of weak vertical stability
(usually RiL > 2) in the rainy season, when the estuary was strongly
influenced by river discharge. The RiL values corresponding to the
dry season were generally lower than 2, indicating conditions of
vertical instability and the predominant influence of the tides.

The distribution of RiL values at the two interfaces indicates that
at the HE/ME interface in the rainy season (Fig. 8B-1), none of the
values indicate a condition of high stability (RiL > 20). Most of the
data indicate weak vertical stability (2 < RiL < 20) and occasional
instability (RiL < 2), which was also observed at the ME/LE inter-
face. The variation in RiL at both interfaces confirms the unidir-
ectionality of river flow in the rainy season and its homogeneity. In
the dry season, all values were less than 2 (RiL < 2), indicating
vertical instability due to increased tidal activity during this period.
In the dry season, when the kinetic energy of the tides more
strongly affected the estuary dynamics, RiL values varied within the
range of high vertical instability, indicating a condition of high
vertical mixing and the high influence of turbulent mixing.

4.5. Materials and net transport

Tidal currents, gravity flow, and river discharge are the three
forces responsible for the advective transport of salt in estuarine
systems. The first two operate upstream of the estuary, and the
third force is responsible for the transport to the continental shelf.
However, in partially mixed estuaries with weak vertical stratifi-
cation (type 2a) and in well-mixed estuaries (type 1a), salt is
transported upstream to the estuary predominantly via gravity
flow and tidal propagation.

In the rainy season (Fig. 9), the transport of salt was predomi-
nantly associated with advective processes (river discharge) at the
HE/ME (Fig. 9A) and ME/LE (Fig. 9B) interfaces, demonstrating the
strong fluvial influence. In the dry season, the fluvial component
caused salt transport upstream of the estuary (1.6 kg m�1s�1) at the
HE/ME interface (Fig. 9C), whereas transport was downstream of
the estuary with similar values at the ME/LE interface (Fig. 9D). The
transport associated with Stokes drift was greater at the ME/LE
interface, reaching values of 3.5 kg m�1s�1, although its orientation
indicated transport upstream of the estuary (diffusive nature),
whereas the expected theoretical pattern was in the opposite di-
rection. The transport associated with Stokes drift corresponds to
mass transport generated by the tidal propagation in the estuary.
Advective transport of salt downstream of the estuary generated by
tides at the HE/ME interface was 4.8 kg m�1s�1 whereas this
transport was upstream of the estuary at the ME/LE interface
(3.7 kg m�1s�1). At both interfaces, salt transport related to tides
was directed toward the ME. Salt accumulation at the ME may
result in months of negative water balance and hypersalinization of
the ME, thereby changing the orientation of the longitudinal bar-
oclinic component of the pressure gradient force per unit mass,
which is typically oriented upstream.

Another type of transport that was evaluated is that associated
with residual currents. In the rainy season, due to the large river
discharge, no transport associated with this component was
observed. However, in the dry season, the transport by residual
currents was similar to that of the tidal currents and reached
4.8 kg m�1s�1 at the HE/ME interface and 4 kg m�1s�1 at the ME/LE
interface. The transport of salt toward the ME in the Jaguaribe River
estuary became evident in these analyses. The resulting salt
transport in the rainy season was 0.23 kg m�1s�1 at the HE/ME
interface and 0.65 kg m�1s�1 at the ME/LE interface. In the dry
season, the resulting transport was approximately 8 kg m�1s�1

downstream of the estuary and reached 9 kg m�1s�1 at the ME/LE
interface. The transport of salt associated with the river discharge
was more strongly influenced by tides at the HE/ME interface in the
dry season due to the greater storage of freshwater during the tidal
cycle, whereas at the ME/LE interface, the pattern was closely
associated with tidal modulation, and this pattern is corroborated
by the transport generated by the tidal currents.

The spatial distribution of SPM in the Jaguaribe River estuary in
the rainy season (Fig. 10A) indicates that the highest concentration
of SPM was present along the estuary channel and ranged between
66.8 and 75.4 mgL�1 with an average of 72.3 mg.L�1 at the HE/ME
interface. At the ME/LE interface, the observed concentration of
SPM ranged between 54.8 and 81.4 mgL�1 with an average of
74.8 mgL�1. In the ICS, the concentration ranged between 21.9 and
62.2 mgL�1 with an average of 39.7 mgL�1. The high concentration



Fig. 5. Tidal prisms at the HE/ME and ME/LE interfaces in the Jaguaribe River estuary in the rainy and dry seasons of 2009. The tidal prism and residence time (RT) are expressed in
m3 and hours, respectively. The distance between the HE/ME and ME/LE interfaces was approximately 25 km, and the average depth was 4 m.

Fig. 6. Temporal variations in the average velocity [uðtÞ] in the water column (dotted line) and the tide [h(t)] (solid line). HE/ME (A) and ME/LE (B) interfaces in the rainy season and
HE/ME (C) and ME/LE (D) interfaces in the dry season.
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of SPM is associated with the increased water volume observed
during this season, which produced an SPM plume in the ICS.
In the dry season, the SPM concentration ranged between 11.7
and 20.6 mgL�1 with an average of 18.2 mgL�1 at the HE/ME



Fig. 7. Average temporal variations in salinity [S(t)] in the water column (dotted line) and tide [h(t)] (solid line). HE/ME(A,E) and ME/LE (B,F) interfaces and HE/ME(C,G) and ME/LE
(D,H) interfaces in the rainy and dry seasons of 2009.
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Fig. 8. A - Parametric curve relative proportion (0 � g � 1) of advective and dispersive processes of the Jaguaribe River estuary in 2009. B - Temporal variations in the Richardson
numbers corresponding to layers. The dashed lines delineate the following: RiL >20, which indicates high stability (upper line); 2 < RiL < 20, which indicates weak vertical stability;
and RiL < 2, which indicates vertical instability (bottom row). HE/ME(1) and ME/LE (2) interfaces in the rainy season and HE/ME(3) and ME/LE (4) interfaces in the dry season.
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interface and between 15.2 and 52.9 mgL�1 with an average of
29.6 mgL�1 at the ME/LE interface. In the ICS, the SPM concentra-
tion ranged between 18.7 and 47.7 mgL�1 with an average of
28 mgL�1. The lowest SPM concentration was observed at the HE/
ME interface (Fig. 10B), and these concentrations increased to
58.5 mgL�1 at the ME/LE interface. However, during the flood tide
(Fig.10C), because of the lower river intake and increased activity of
seawater, the SPM concentration ranged between 52.8 and
58.5 mgL�1.

The lowest SPM concentrations were observed in the dry sea-
son, influenced by the modulation of the local tide. At low tide
(Fig. 10B), the highest SPM concentration occurred near the mouth
of the Jaguaribe River, in the influence area of the LE. When the tide
began to rise (Fig. 10C), the highest concentration extended to the
inner area of the ME. In the transition between the HE/ME in-
terfaces, there was a region where the velocities resulting from
convergingmovements, river discharge, and tidal propagationwere
practically nil, resulting in the higher SPM concentration and a zone
of maximum turbidity, which was mapped for the first time in the
Jaguaribe River estuary.

The SPM concentration decreased by averages of 72% at the HE/
ME interface and 21% at the ME/LE interface in the dry season
compared with the rainy season because of the lower river intake
and increased activity of seawater in the dry season, when the zone
of maximum turbidity formed in the ME. Even in the dry season,
the SPM concentration in this area was approximately that of the
seawater, and the measured SPM concentration in the ME was very
similar to that observed in the rainy season due to resuspension of
bottom material, erosion of margins, or changes in sources. During
periods of greater river discharges, the drainage basin transported
2.9 � 106 tons of water per year to the estuary, whereas at the ME/
LE interface, the average discharge was 2.0 � 106 tons.year�1,
resulting in an average export of 4.9 � 106 tons.year�1 to the ICS. In
the dry season at low tide, the SPM discharges at the HE/ME
interface were 0.1 � 106 tons.year�1, whereas at the ME/LE inter-
face, they reached 0.41� 106 tons.year�1, indicating that significant
sources of SPM are present in the ME. At flood tides, the flow rates
were 1.1 � 106 tons.year�1 at the ME/LE interface and 0.13 � 106

tons.year�1 at the HE/ME interface, suggesting that SPM is trans-
ported to the continent, which supports the creation of new areas
of sedimentation and colonization by mangroves, as observed by
Godoy and Lacerda et al. (2014).

Of the total flow of SPM that entered the estuary system during
the flood tides at the ME/LE interface, 32% contributed to the
discharge of SPM at ebb tides, and the remainder was retained in
the ME. This pattern suggests that the Jaguaribe River estuary
during the study period was an exporter of material in the rainy
season and an importer of material during the period of decreased
fluvial activity such that more than 60% of the SPM flow was
retained in the ME.

5. Discussion

The unidirectional flows at the HE/ME and ME/LE interfaces
indicate that in the dry season, there is a greater influence of ma-
rine waters in the estuary system, which results in flood flows that
are greater than those at ebb tides at both interfaces. This influence
suggests that the dams upstream of the estuary played an impor-
tant role in the availability of water to the coast in the dry season.

The profiles of stationary velocities ua at the HE/ME and ME/LE
interfaces (Fig. 3) revealed the fluvial influence in the estuarine
system. Positive values of ua at the HE/ME interface (0.76 ms�1) and
ME/LE interface (0.81 ms�1) in the rainy season indicate the
transport downstream of the estuary and that the system is a water
exporter during periods of unidirectional flows, corroborating the
results of Dias et al. (2011, 2013a,b). The gravity flow downstream of
the estuary in the dry season at the HE/ME interface and upstream
of the estuary at the ME/LE interface suggests that seawater vol-
umes that enter the estuary system during flood tide are similar to
those that leave at ebb tide, with stationary velocities of approxi-
mately zero.

The water export from the estuary in the rainy season had a
strong fluvial contribution in the rainy season and continually
generated positive water current velocities (downstream of the
estuary) at the HE/ME and ME/LE interfaces, and this pattern was
also observed during the ebb tide in the dry season. However, in the
dry season, the gravity flow associated with flood velocities indi-
cate the importance of the marine component in the renewal of the
estuarine water mass and that the estuary is a water importer in
this season.

Nicolite et al. (2009) observed that the water level and low
current velocities in the low estuary of the Paraíba do Sul River
during periods of moderate river discharge (within the historical
average) were dominated by the co-oscillation of the tide, and the
river discharge had a stronger influence on the current levels and
velocities at low tide. This pattern was also observed in the Jagu-
aribe River estuary in the dry season. However, the authors note
that during periods of high river discharge (>1500 m3s�1), the
water levels were strongly influenced by the river discharge and by
the semidiurnal variation of the tide. This patternwas not observed
in the Jaguaribe River estuary in the rainy season because the zone
of mixing had been advected beyond the estuary to the ICS. Andutta
et al. (2013) reported that the Peruípe River estuary, located in the
state of Bahia, Brazil, displayed behavior similar to that of the Jag-
uaribe River estuary, where the river flows dominate the estuary
discharges only in the rainy season.

The calculated Ri was 6.1 during a tidal cycle, indicating that the
estuary was strongly dominated by high river discharges in the
rainy season, whereas tidal energy was the major force, along with
minor river discharge, in the dry season. The observed values of RiL
in the rainy season oscillated within the range of weak vertical
stability and occasionally indicated instability, and thus, the river
flows were unidirectional. In the dry season, when the tidal energy
dominated the estuary dynamics, the RiL numbers fluctuated
within the range of high vertical instability, indicating extensive
mixing and a large contribution of turbulent mixing processes.

Andutta (2006) reported that in the Curimataú River estuary
(state of Rio Grande do Norte, Brazil), due to high variations in river
flows, stratification extended into neap tides associated with low
velocities during ebb currents, and advective transport of salt
measured 7.3 kg m�1s�1. However, the weak vertical stratification
and semidiurnal modulation of tidal currents during syzygy
occurred in response to a decrease in the entry of freshwater into
the estuary system on a time scale of approximately 6e7 days.

In the rainy season, the volume of water in the Jaguaribe River
estuary system was approximately 97 � 106 m3, fresh water
accounted for 99% of the volume, and the RT was approximately
12 h. In the dry season, the volume exported during the ebb tide
was lower than the volume imported during the flood tide. How-
ever, during the ebb tide, the freshwater percentages were
approximately 78%, whereas during the flood tide, they ranged
between 9% and 27%. Smaller RTs of approximately 1.2 h were
observed at the ME/LE interface during the flood tide. Dias et al.
(2011) studied the Jaguaribe River during spring tide and
observed that the total volume of water at the HE/ME interface was
12 � 106 m3 with a freshwater percentage of 24% and a discharge
time of 3 h, whereas at the ME/LE interface, the observed volume
was approximately 3-fold higher than that observed at the HE/ME
interface and reached 43 � 106 m3, with a freshwater percentage of
only 5.9% and a flushing time of 0.7 h.



Fig. 9. Advective transport of salt associated with river discharge (1), Stokes drift (2), tidal currents (3), gravity flow (4), turbulent fluctuations (5), residual currents (6), and triple
correlation (7). Histograms (9) and (10) show the calculated transport obtained from equation (13) and the sum of its components. HE/ME(A) and ME/LE (B) interfaces in the rainy
season and HE/ME(C) and ME/LE (D) interfaces in the dry season.
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Therefore, the change in the salinity curve over time at a given
longitudinal position will lag approximately 3 h behind the dy-
namic tide curve; this pattern was observed during a period of low
river flow in the Jaguaribe River estuary in the MZ. The data plotted
on the stratification�circulation diagram of Hansen and Rattray
(1986) show estuary system values of g of approximately 0.99,
indicating that the estuary is at the transition between types 2a
(partially mixed and with weak vertical stratification) and 1a (well
mixed). Similar findings were reported by Izumi (2011) in the
Caravelas River estuary, Bahia, Brazil, and those authors noted that
turbulent diffusion is the primary mechanism responsible for the
transport of salt and other materials. Andutta (2006) studied the
Curimataú River estuary, Rio Grande do Norte, and classified the
estuary during tidal and spring tides as a type 2b (highly stratified)
system, indicating the dominance of tidal diffusion at these two
times. Andutta et al. (2013) concluded that the Peruípe River es-
tuary changed from partially mixed and highly stratified (2b) dur-
ing spring tides to highly stratified (1b) during neap tides. This
pattern is similar to that observed in the estuaries of the Curimataú
and Jaguaribe Rivers because of the dominance of river discharge
during neap tides in the Curimataú and in the rainy season in the
Jaguaribe, where conditions varied between stability and weak
vertical stability, respectively. During spring tides (the dry season),
the strongest influence of the tide generated vertical instability in
both estuaries.

Because of this pattern, the tidal transport of salt at the HE/ME
and ME/LE interfaces was toward the ME. Salt accumulation in the
ME may result in months of negative water balance in relation to
hypersalinization of the estuary. The hypersalinization of some
areas of the estuary was observed by Marins et al. (2003), who
classified the estuary as negative. This reversal leads to the greater
permanence of seawater that enters the estuary system during
flood tides and increases the RT, providing ideal conditions for the
accumulation of nutrients and SPM of aquagenic or biogenic origin.
This accumulation can enhance eutrophication and flocculation in
this area, where evaporation rates are high. Andutta (2006)
concluded that salt transport to the Curimataú River estuary was
predominantly driven by river discharges and the advective effect
of Stokes drift. Schettini and Miranda (2010) studied the Caravelas
River estuary and observed that the transport was greater during
spring tides than neap tides when combined with decreased sea-
sonal river discharges. In the rainy season, this transport was



Fig. 10. Distribution of suspended particulate matter (SPMmg.L�1) in the Jaguaribe River estuary (HE/ME and ME/LE) and inner continental shelf (ICS) during the rainy season (A), at
ebb tides (B) and flood tides (C) in the dry season of 2009. HE/ME (37�4702200 W/4�3202000 S) and ME/LE (37�4703500 W/4�2700000 S).
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primarily associated with Stokes drift. This behavior observed in
the Caravelas River estuary is consistent with the results obtained
in this study related to the advective transport due to variations in
river discharge.

The comparison of the average concentrations of SPM in the ICS
and at the ME/LE interface during flood tides indicates that much of
the SPM present in the ME is of marine origin or is the result of
erosion of margins and the reworking of bottom material. The SPM
balance in the Jaguaribe River estuary involves the export of ma-
terials in the rainy season and the retention of SPM in the ME be-
tween ebb and flood tides during the dry season. The spatial
mapping of the turbidity maximum zone is rarely reported in
studies of estuarine systems in northeastern Brazil. Its location can
lead to understanding of oxygen consumption processes, modifi-
cation of organic matter and export of CO2 to the Equatorial
Atlantic. The physical understanding of the behavior of intensively
dammed rivers, as is the case of the Jaguaribe River, is of funda-
mental importance and relevance in the face of local and global
climate change scenarios.
6. Conclusions

In the rainy season, the estuarine discharge was predominantly
fluvial, and there were small variations in vertical and partly mixed
gradients. In the dry season, continental waters predominated
during the ebb tide, and during the flood tide, seawater was im-
ported and vertical gradients changed to a pattern of greater water
mixing.

The high river volume was transported predominantly unidi-
rectionally and longitudinally in the rainy season and bi-
directionally in the dry season, when the transverse transport in
the estuary decreased sharply. This transport caused a tidal delay of
approximately 3 h.

The resulting flow rates were one order of magnitude higher in
the rainy season. Control of the estuary by tidal modulation in the
dry season caused a net retention of more than 65% of the volume
at the HE/ME interface and led to RTs of more than 9 h during the
flood and ebb tides, whereas in the rainy season, even with the
increased export of river water, the RT lengthened to 12 h.

Tidal modulation in the dry season led to a maximum zone of
turbidity due to the trapping of the estuary water by the tide and
most likely to the concentration of certain substances, which may
have intensified the effects of anthropogenic alteration of dis-
charges. The freshwater flow of 80% in the rainy season decreased
to less than 10% in the dry season, reflecting the local seasonality of
the climate.

This study showed that in estuaries in northeastern Brazil,
including those with a strong control of the natural flow regime as
in the Jaguaribe River, dams tend to cause diffusive processes
associated with the baroclinic effect, such as the mechanisms
responsible for the transport of substances at the continent�ocean
interface. In the Jaguaribe River, the decrease in river flow during
the dry season is a cause for concern because this decrease signif-
icantly changes the transport of materials to the ocean, highlighting
the need for the constant monitoring of the river properties and the
current fields to develop a set of environmental strategies for better
management of this important coastal ecosystem and maintenance
of its ecological functions.
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