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ABSTRACT. The objective of this work is to characterize the spatial and temporal variability of hydrographic parameters collected in April/2007 and May/2008, at
two stations (12 hr and 25 hr) in the estuary of the Jaguaribe river (Semi-arid region, Northeast, Brazil). The time series analyses of the hydrographic data collected at
fixed stations during the usual rainy months in the region showed a strong annual variation of the measured parameters. In May/2008, waters with low salinity values
(<4) have been observed at a station located in the mouth of the Jaguaribe river. In April/2007, the lowest salinity values were observed around 32 at the same location.
The temperature, suspended sediment concentration and turbidity time series values are controlled by the tide dynamic at stations located in the estuary mouth and in the
mixture zone, showing highest values during low tide conditions and lowest values during high tide conditions. In April/2007, dissolved oxygen values tend to increase
with the increase of salinity, whereas in May/2008, the values tend to increase with the decrease of salinity. The values of chlorophyll-a collected in May/2008 in the
mixture zone showed an increase in comparison with April/2007.

Keywords: salinity, temperature, precipitation, currents, tidal cycles.

RESUMAO. 0 trabalho tem como objetivo analisar a variabilidade sazonal e espacial de parametros hidrograficos coletados em abril/2007 e maio/2008, em duas
estacdes (12h e 25h) no estudrio do rio Jaguaribe (Semi-arido do NE Brasileiro). As andlises das séries temporais dos parametros hidrogréficos observados nas
estages fixas durante os meses habituais de chuva na regido demonstraram variagdo anual nos pardmetros medidos. No més de maio/2008 foi observada a presenga
de dguas com baixa salinidade (<4) na estacdo localizada na foz e, no més de abril/2007, os menores valores de salinidade foram observados em torno de 32 na
mesma localidade. Os valores das séries temporais de temperatura, Concentragdo de Sedimento em Suspensdo e turbidez responderam as variagdes das marés nas
estacOes localizadas na foz e na zona de mistura, com maiores valores observados em condig0es de baixa-mar e menores em condicGes de preamar. Em abril/2007 os
valores de oxigénio dissolvido tendem a crescer com o aumento da salinidade no estuario e em maio/2008 os valores tendem a crescer com a diminuigdo de salinidade.
A andlise dos dados de clorofila-a coletados em maio/2008 na zona de mistura indica que houve um aumento em seus valores, em comparagdo aos dados coletados
em abril/2007.

Palavras-chave: salinidade, temperatura, precipitagdo, correntes, ciclos de maré.
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INTRODUCTION

The physical processes of the estuarine waters and the estuar-
ine circulation controls the estuarine water residence time and
rules the transport of nutrients, sediments, pollutants and other
dissolved and suspended constituents discharged in the adjacent
oceanic regions.

In this way, little is known about the physical and hydro-
graphic parameters of the Jaguaribe (CE) river estuary, located in
an area of the semi-arid region of the Brazilian Northeast, an area
with scarce water resources where there is a need of hydrological
studies and surveys.

The main purpose of this article is to describe the hydro-
dynamic and thermohaline system, to identify and quantify the
hydrographic properties of the estuarine waters of the Jaguaribe
(GE) river, in relation to distinct spatial (Coastal Zone and Mixture
Zone) and temporal (April/2007 and May/2008) conditions.

The Jaguaribe river drains into the equatorial Atlantic, in a
region of sand beaches with extensive dune fields moving by
constant winds. According to data from Secretaria dos Recursos
Hidricos do Estado do Ceard — SRH (1992), the Jaguaribe river
covers nearly 610 km since its head at Serra da Joaninha (Taua)
up to the mouth, at the coast of Aracati (CE).

Many dams were built along the Jaguaribe river to control
and rectify the water courses, in order to storage water during the
prolonged dry periods of this semi-arid region of the Brazilian
Northeast. In this way, the Jaguaribe river estuary is limited from
the river mouth up to nearly 40 km upstream, as far as Itaicaba
(GE) district, where there is the last river dam, built in 1993. The
Itaicaba dam controls the water flow to the river mouth, making
the estuarine circulation practically dependent on the influence
of the coastal tide during the dry weather period (Paula, 2006).
However, these multiple dam systems, built along the drainage
basin of the Jaguaribe river, are currently reducing the transport
of nutrients, sediments, pollutants and other dissolved and sus-
pended constituents.

The impacts on the coastal zone caused by the construction
of dams have been widely reported, like the loss of the fishery re-
sources and the coast destabilization/erosion, as for example in
the Nile, Ebro, Ganges, Danube and San Francisco rivers (Halim,
1991; Sinha et al., 1996; Humborg et al., 1997; Knoppers et al.,
2006). In Ebro river (Spain), the construction of dams along the
river caused the increase of salinity in the estuary, the decrease
of biological productivity, mainly due to the reduction of nutri-
ent input, changes in species distribution, reduction of sediment
volume, which affected the system geomorphology (Cruzado et
al., 2002; Ibafiez & Prat, 2003; Sierra et al., 2004).

The rainfall distribution in the semi-arid region of the Brazil-
ian Northeast is strongly induced by the latitudinal positioning
of the Intertropical Convergence Zone (ITCZ) over the Atlantic:
dry weather conditions occur from August to September, when
the ITCZ is positioned farther north (around 14°N), during the
rainy season (from February till May), the ITCZ gets closer to
the equator (Hastenrath & Greischar, 1993). The combination of
the ITCZ position with other phenomena, like the Atlantic dipole
(SST anomalies in the Atlantic), the Pacific EI Nifio and La Nifia,
implies in further disturbances in the rainfall regime in the region
(Hastenrath & Heller, 1977; Moura & Shukla, 1981; Hastenrath,
1990; Servain, 1991).

The following work presents a study of the seasonal and spa-
tial variability of the main hydrological parameters (temperature,
salinity, currents, dissolved oxygen, chlorophyll and turbidity)
that were collected /7 s/t in the Jaguaribe river estuary.

METHODOLOGY

Two water sampling campaigns were performed in the Jaguaribe
river estuary (Fig. 1) during April, 16-18/2007 and May, 06-
07/2008. During April/2007 the physical, physico-chemical and
chlorophyll-a parameters were measured at two fixed previously
defined stations: Station 01, located at the estuary mixture zone,
and Station 02, located at the mouth of the estuary (approximately
9 km distant from station 1). The maximum registered depth at
Station 01 and Station 02 was nearly 5 m. At Station 01 the para-
meters were measured with one hour sampling intervals during
12 hours. The sampling intervals were the same at Station 02
but the parameters were measured during 25 hours, in semidiur-
nal tidal cycles and spring tide conditions. During May/2008 the
water sampling was carried out only at Station 02, with spring tide
conditions. Due to the weather conditions in May/2008, it was not
possible to continue the sampling campaign at Station 01.

The parameters were measured on the water column at
every second, using a SAIV A/S SD204 STD/CTD oceanographic
probe for temperature (°C — Resolution: 0.001°C), salinity (psu
— Resolution: 0.01), dissolved oxygen (mg L—! — Resolution:
0.01 mg L=1), turbidity — retroflection optical sensor (FTU — For-
mazin Turbidity Unit) and chlorophyll-a (g L—!, Resolution:
—0.03 ngL71).

The water sampling was carried out on the surface (April/
2007) and on the surface and near the bottom (May/2008),
using a Van Dorn bottle. To analyze the suspended material, the
water samples were filtered using a vacuum pump, with Millipore
0.45. cellulose acetate filters. The difference of the filter weight
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Figure 1 — Location map of the measurement stations in the Jaguaribe river estuary. Station 01 (12 hours) — located at the estuary
mixture zone and Station 02 (25 hours) — located at the estuary mouth.

values, before and after the filtrations, was applied to calculate
the sample suspended sediment concentration (SSC).

Due to problems with the turbidity data obtained by the retro-
flection optical sensor in May/2008, only the SSC values for the
water samples will be presented for this period.
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Current intensity (cm s~!) and direction (degrees) measure-
ments for the longitudinal component « (direction along the
estuarine channel) were carried out on the surface (~0.5 m) and
near the bottom (in 60 second intervals) using the Sensordata
SD-6000 mini current meter.
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Figure 2 — Monthly averages total precipitation and air temperature observed in 2007 and 2008.

Tidal measurements were performed during the entire sam-
pling period using a traditional analog tide gauge. The meteoro-
logical parameter data (direction and intensity of the winds
and monthly average precipitation) presented in this work were
obtained at the measurement stations of Fundagdo Cearense
de Meteorologia e Recursos Hidricos do Estado do Ceard
(FUNCEME), located in Aracati district-CE (4°34’01.06”S —
37°46'01.10"W).

RESULTS

Temporal variability of the climatic parameters

The total precipitation data (mm) obtained at the FUNCEME
measurement stations, located in Aracati districts (Aracati sta-
tion), demonstrate that the maximum total precipitation values
were registered in the first semester of 2007 and 2008, mainly in
the rainy season that starts in February and finishes in May. The
precipitation tends to decrease from July till November (dry sea-
son). Markham (1974) had already observed this temporal rain-
fall distribution through analyses of the historical series of the
data from 1850-1970.

The maximum monthly average precipitation observed in
March/2008 was around 400 mmm, whereas in 2007 the monthly
average for the same period did not reach 100 mm (Fig. 2).
This 50% difference of total precipitation registered in March/
2008 in relation to March/2007 was also observed in April, May
and June.

The air temperature of the region shows a similar standard
in relation to the monthly averages of the two observed years.

The maximum values occurred in January and December (around
28°C) and a decrease in the air temperature values tended to hap-
pen in June (Fig. 2).

The wind directions in the study region during the sampling
campaign months were from NE and NW in April 2007 and chiefly
from NE in May 2008. The average wind speed values were around
3.5-4.0m s~ in these periods (Fig. 3).

Temporal variability of the physical and
physico-chemical parameters

Tidal cycle — 12 hours (April/2007)

Registers of the intensity and direction of the « longitudinal cur-
rent component indicate an asymmetry in the estuary currents
under # > 0 and above u < 0, during the 12 hour temporal
series of measurements in a fixed station (Station 01), located
at the estuary mixture zone of the Jaguaribe river (Fig. 1). The
maximum intensity values of the currents observed on the surface
were 67.8 cm s~ and —43.4 cm s—!, under ebb and flood tide
conditions. Near the bottom, the currents reached their maximum
intensity around 82.8 cm s~! and —49.2 cm s~ ! under ebb and
flood tide conditions (Figs. 4a and 4b; Table 1).

During the 12 hour temporal series measurements, the tem-
perature values varied around 1.5°C between the neap (30.5°C)
and spring (29.0°C) tides. The values did not vary along the water
column (Fig. 5a; Table 1). The salinity values also demonstrated
that they are affected by the tidal dynamics, varying from 20 during
the low-tide to 34 during the high-tide (Fig. 5b).
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Figure 3 — Monthly averages wind direction (degrees) and velocity (m/s) observed in April/2007 (a) and in May/2008 (b).
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Figure 4 — Current dynamics (u) during 12 hours in the estuary mixture zone of Jaguaribe river
(Station 01) in April 2007, (a) surface and (b) bottom. Negative values correspond to currents
towards the estuary head and positive values towards the ocean.

The dissolved oxygen values oscillated during the 12 hours,
with a maximum value equals to 5.5 mg L =" and a minimum value
equals to 3.7 mg L= (Fig. 5¢).

The chlorophyll concentrations obtained along the water
column during the measurements taken in the 12 hour period at
the fixed station oscillated between 0.4 g L' and 0.9 ug L1,
with the maximum value observed under high-tide (05:00 hr)
(Fig. 5d; Table 1).
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During the measurements at Station 01, the turbidity oscil-
lated between 20 and 90 (FTU), with maximum turbidity value
(90 FTU) observed under ebb and low-tide conditions and min-
imum turbidity value (20 FTU) observed under flood- and high-
tides (Fig. 5e). The highest suspended sediment concentrations
(88.9 mg L—") were measured under low-tide and the lowest con-
centrations (23.8 mg L=') under high-tide (Table 1).
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Figure 5 — Vertical temporal variation (12 hours) of temperature (a), salinity (b), dissolved oxygen (c), chlorophyll-a (d) and turbidity (e) in the estuary mixture zone
of the Jaguaribe river (Station 01) in April/2007.
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Table 1 — Average values integrated along the water column of the physical and physico-chemical parameters collected in April/2007 and May/2008 at two fixed
stations (mixture zone — Station 01 and mouth of the Jaguaribe river — Station 02), during (12 hours (a) and 25 hours (b)) tidal cycle(s). A negative sign corresponds
to the velocity of currents towards the estuary head and positive signs correspond to the velocity of currents towards the ocean.
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Figure 6 — Current dynamics (u) during 25 hours in the mouth of the Jaguaribe river estuary
(Station 02) in April/2007, (a) surface and (b) bottom.
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Figure 7 — Vertical temporal variation (25 hours) of temperature (a), salinity (b), dissolved oxygen (c), chlorophyll-a (d) and turbidity () in the mouth of the Jaguaribe

river estuary (Station 02) in April/2007.
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Tidal cycles — 25 hours (April/2007)

Figures 6 and 7 and Table 1 present the average values of the
parameters obtained at a fixed station (Station 02), located at the
mouth of the Jaguaribe river estuary (Fig. 1), during April/2007.

In this location, the longitudinal current velocity values ()
oscillated according to the tidal conditions, with maximum val-
ues around 130 cm s—! and —127 cm s~ under ebb and flood
tide conditions (Fig. 6; Table 1).

The temperature values responded to the tidal dynamics vari-
ations, with maximum temperature values (30.0°C and 30.4°C)
observed under low-tide conditions (23:00 hr and 14:00 hr), get-
ting a 0.4°C variation associated to the intensity of solar ra-
diation between the collections carried out at 14:00 hr and at
24:00 hr (Fig. 7a).

In this location, the salinity temporal series values responded
to the tidal dynamics variations, with lower salinity values (31-33)
observed under ebb and low-tide conditions and higher salinity
values (37) observed under flood tide conditions (Fig. 7b).

The dissolved oxygen values observed along the water col-
umn presented a maximum value equals to 6.8 mg L—! near the
bottom and a minimum value equals to 4.8 mg L=! near the
surface of the water column, under low and ebb tide conditions
(Fig. 7c).

The temporal variation of chlorophyll concentration along
the column during the measurement period was around 0.4-
1.1 g L~1, with higher values observed during the flood and
high-tide conditions (Fig. 7d).

The maximum FTU and SSC values (25-40 FTU and
86.9 mg L—!) were observed under low-tide conditions (Fig. 7e;
Table 1).

Tidal cycles — 25 hours (May/2008)

The temporal series of measurements performed in May/2008 at
Station 02 (located at the mouth of the Jaguaribe river) demon-
strated that the averages of the maximum intensity values of the
currents were 131 cm s—! and —111 cm s—!, induced by the ebb
(tide + fluvial discharge) and flood tide dynamics, respectively
(Fig. 8; Table 1).

The average temperature values oscillated around 30.15°C,
with a maximum equals to 31.2°C and a minimum equals to
29.1°C (Fig. 9a; Table 1). There was no temperature variation
along the water column. The temporal salinity variation oscil-
lated according to the tidal dynamics, with the lowest salinity
values (0.16-0.22) observed during the ebb and low-tides and
the highest salinity values (around 32) observed under flood
and high-tide conditions (Fig. 9b; Table 1). The higher dissolved

Brazilian Journal of Geophysics, Vol. 30(3), 2012

oxygen values (around 7 mg L=') were observed under low-
tide conditions (10:00 hr) and the lower dissolved oxygen values
(5.4mgL~"1) were observed under high-tide conditions (16:00 hr)
(Fig. 9c). The highest chlorophyll-a concentrations were 21.9-
22.7 ng L= (Fig. 9d).

The SSC temporal variation was also associated to the tidal
influence, with higher concentrations (188.6 mg L=! on the sur-
face and 177 5 mg L=! on the bottom) observed during the
low-tide (Table 1).

DISCUSSION

Spatial variability

The averaged values of the physical and physico-chemical para-
meters integrated along the water column for the two different
stations, located at the mixture zone (Station 01) and at the mouth
of the estuary (Station 02), demonstrated the water exchange re-
lation between these two estuary sectors, governed by the tidal
dynamics. In hourly time scales, the tidal advection under low and
ebb tide conditions transport fresh water and under flood and high
tide conditions saltwater intrusion occurs, resulting in a strong
change in the water properties, like salinity (Uncles & Stephens,
1996), and in the suspended solid particles (Renshun, 1992).

The presented average results (Fig. 10) demonstrates that the
lowest salinity observed in April/2007 in the mixture zone of the
estuary (Station 01) was around 20 under low tide conditions
(£ 0.32 m), tending to an increase of the salinity values un-
der flood tide conditions. Simultaneously, the minimum salinity
measured observed at the mouth of the estuary (Station 02 —
Fig. 11d) was 30.91 under low tide condition (0.35 ¢cm), tending
to increase the salinity values in the subsequent measurement
hours under flood tide conditions (= -120 cm s—1).

At Station 01 the dissolved oxygen values tend to have a
slight increase (maximum value equals to 4.94 mg L~1) with
the incoming of a saltwater mass related to the flood tide (Fig.
10e). At Station 02, located at the mouth of the Jaguaribe river,
the dissolved oxygen values oscillated between 4.8 mg L—1-
6.9 mg L~!, with an average equals to 5.8 m. L=! (Fig. 11e;
Table 1). These results confirm that the presence of saltwater
influences the increase of the dissolved oxygen contents in the
estuarine environment.

Eschrique (2007) revealed that the estuarine waters of the
Jaguaribe river are well oxygenated, with average contents equal
to5.2mgL=!-7.0mg L~!, and it can be considered a saturated
to supersaturated environment.

The data related to chlorophyll-a at Stations 01 and 02
did not present significant spatial and temporal variations in
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Figure 10 — Average values integrated along the water column at Station 01, during 12 hours in April/2007. Sea
level height (a), currents (b), temperature (c), salinity (d), dissolved oxygen (e), chlorophyll-a (f) and turbidity (g).
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their values. The values at the two stations oscillated between
0.4 g L=1-0.8 g L= (Figs. 10f and 11f).

The SSC and turbidity values (Figs. 10g and 11g) observed
in the two different estuarine zones (mixture and coastal zones)
are controlled by the tide dynamics. The maxima SSC and turbid-
ity values observed in April/2007 in the mixture zone (Station 01)
was 88.9mg L' and 57.4 FTU under low tide condition. The tur-
bidity value decreased with the incoming of the flood tide current.
In the estuary mouth (Station 02), the SSC and turbidity highest
value observed was 86.9 mg L—! and 36.9 FTU associated to the
low tide level (0.35-0.58 m). The values decreased under flood
tide conditions.

Correlation of the temporal series (25 hours) — tide and
precipitation influence

The analyses of the temporal series at Station 02 in 2007 and
2008, during the months with higher pluviosity in the region (end
of April and beginning of May) demonstrated an annual variation
in the values of some physical and physico-chemical parameters,
like salinity, turbidity, temperature and dissolved oxygen. This dif-
ference among the values of the parameters observed in the end of
April/2007 and in the beginning of May/2008 was directly related
to the monthly precipitation average. In May/2008 the total pre-
cipitation rate was almost 50% higher than the total precipitation
rate observed in April/2007 (Fig. 2). According to Verissimo et al.
(1996), the maximum average precipitation in the Aracati region
for 1912 till 1985 was 237.8 mm in March, whereas between June
and December the monthly averages for the period were equal or
lower than 47.7 mm, with a rainfall minimum average equals to
2.4 mm for September.

The precipitation rate differences observed in the two rainy
periods (May/2008 and April/2007) contributed to the variation of
the temperature and salinity values of the estuarine waters. Fig-
ures 11d and 12d demonstrate the presence of low salinity waters
(<4) at Station 02 during May/2008, and during April/2007 the
lowest salinity values were around 32 in the same location.

In April/2007 it was observed a saltwater mass intrusion
(>36) from the inner continental shelf towards the estuary head,
under flood tide conditions. In other observation in May/2008, the
maximum observed salinity was around 32 under flood tide con-
ditions (Fig. 9b). The observed salinity variations between mea-
surements can be attributed to the elevated rainfall in May/2008,
as Figure 2 shows. The temperature vs salinity diagram (Fig. 13a)
demonstrates that the lowest salinity values were associated to the
highest temperature values, influenced by fresh water discharge
induced by ebb tide currents.
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During the measurements carried out in May/2008, the dis-
solved oxygen values tend to decrease with the increase of salinity
under high tide conditions, the opposite of what was observed in
April/2007 at the same collection station (Figs. 11e and 12e).

The correlations between the dissolved oxygen and salinity
values presented opposite trends between the two campaigns car-
ried out at Station 02 in April/2007 and May/2008. In April/2007
the dissolved oxygen values tend to increase with the increase of
the saltwater intrusion in the estuary from the inner shelf, whereas
in May/2008 the dissolved oxygen values tend to increase with the
salinity decrease (Fig. 13b). This dissolved oxygen increase ob-
served in May/2008 may be related to the renewal of the fluvial
waters in the estuarine environment, caused by the high precipi-
tation index in the region.

The analysis of the chlorophyll-a data collected in May/2008
at Station 02 indicates a value increase, when compared with the
data collected in April/2007. This increase of the chlorophyll-a
contents is also related to the increase of the fluvial water in-
put in the coastal zone. Moreira (2005) and Eschrigue (2007)
demonstrated higher chlorophyll-a values in the upper estuary
of the Jaguaribe river, decreasing towards the lower estuary, with
a chlorophyll-a increase in the estuarine environment during the
samplings performed during the rainy season.

Studies carried out on the Ebro river estuary demonstrated
that the constructions of hydraulic structures in the river (dams,
reservoirs, channels) can foster phytoplankton development, as-
sociated to the higher nutrient concentration, particularly in shal-
low and sluggish water portins of the river (Sabater et al., 2008).
Spatial variations of chlorophyll-a concentration along the Ebro
river during the spring, autumn and winter seasons were pre-
sented by Falco etal. (2010), demonstrating a higher chlorophyll-
a concentration in the stations located a 100 km from the mouth
of the river and decreasing towards the coastal region.

In April/2007 and May/2008, the turbidity values observed in
the Jaguaribe river estuary tend to increase under low tide con-
dition and between 1-2 hours after the low tide (flood tide). The
highest turbidity values are associated to the highest temperature
values and to the lowest salinity values observed in the stations
during the sampling campaigns (Figs. 12 and 13).

CONCLUSIONS

The values measurements of the hydrographic parameters ob-
served in two different fixed stations (located in the mixture zone
and mouth of the Jaguaribe river estuary (CE)) demonstrate that
the tide dynamics, associated to the fluvial discharge and to the
pluviometric index, are the main factors controlling the temporal
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Figure 12 — Average values integrated along the water column at Station 02, during 25 hours in May/2007. Sea level height (a), currents (b), temperature (c), salinity
(d), dissolved oxygen (e), chlorophyll-a (f) and SSC (g).
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at Station 02 in April/2007 and May/2008.

and spatial variability of the physico-chemical parameters in the
estuarine environment.

The temporal series analyses of the hydrographic parame-
ters observed durinng 25 hours at a fixed station, located at the
mouth of the Jaguaribe river estuary (CE), during the rainy periods
(May/2008 and April/2007), demonstrate large variations. It was
observed, for example, the presence of low salinity waters (<4) in
May/2008, whereas in April/2007 the lowest salinity values were
around 32 at the same location.

It is possible to conclude that the Jaguaribe river (CE) estu-
ary undergoes seasonal variations in its physical and physico-
chemical parameters, which are directly related to the regional
precipitation indexes, that controls the fresh water input to the
estuary.
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We can also highlight that in the last years the region was
affected by climatic changes — large inundations — that modi-
fied the estuarine natural exchange and transport of the physical
and physico-chemical parameters. The environment was also af-
fected by the human modifications (dam constructions along the
Jaguaribe river), decreasing the water discharge in the estuarine
environment.
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