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Water column proﬁles and near-bed time series of pressure, current velocity, suspended-particulate matter (SPM) concentration and seawater temperature and salinity were collected during three short cruises carried out in May 2005 in the shoreface and inner shelf area adjacent to Cassino Beach, southern Brazil. The measurements were part of the Cassino Experiment, a project conducted at an open, sandy coastal area known for the occurrence of patches of fairly large amounts of muddy sediments that are sporadically ﬂuidized, transported onshore and eventually stranded on the beach. The study area is close to the Patos Lagoon mouth, being inﬂuenced by its water and suspendedsediment discharge. The presence of the Patos Lagoon outﬂow on the inner shelf was detected in one of the cruises (May 13) through measurements of near-surface salinity: while close to shore salinity was 29.4, a minimum value of 13.8 was measured at 10 km from the coast. Four days later, no trace of the plume was detected in the area. Regarding seawater temperature, no large temporal or spatial variability was documented with measured values ranging from 19.3 to 20 1C. Water column currents were prominently to N and NE, except at the outermost station, located 42 km from the coast, where NW-directed ﬂows were observed at surface and mid-depth. Maximum near-bed current velocity oscillated between 18 and 42 cm s1 in the east–west direction and between 14 and 42 cm s1 in the north–south direction. Near-surface concentration of SPM oscillated between 11 and 99 mg L1, in general one order of magnitude lower than near-bed values. However, near-bed concentration of SPM showed large spatial variability: the highest value (2200 mg L1) was yielded by a water sample collected at 8 m water depth, at a station located 2 km away from the shoreline; two water samples collected 500 m, apart from this station, yielded SPM concentrations of 148 and 205 mg L1, one order of magnitude lower. Spectral analyses of near-bed current speed and SPM concentration indicate the relevance of oscillations in the low-frequency (o0.05 Hz) range. Detailed sampling of bottom sediment indicated that in May 2005 the mud patch was centered at 8.5 m water depth. & 2008 Elsevier Ltd. All rights reserved.
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1. Introduction Data presented in this paper were collected as part of the Cassino Experiment (Holland et al., this issue). In May 2005, three short cruises were carried out with the primary objective of assessing the rheological, mineralogical and sedimentological properties of mud deposits present in the inner shelf adjacent to Cassino Beach (Fig. 1). Bottom sediment samples, short cores and
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geophysical soundings were obtained in alongshelf and acrossshelf transects in the area where ﬂuid mud had been previously mapped (Calliari et al., 2001). While those tasks were performed, water column proﬁles and bottom boundary layer time series of seawater temperature, salinity, turbidity and current velocity were recorded. The motivation to obtain these measurements was to assemble information on the spatial variability of water properties, current velocity structure and concentration of suspended-particulate matter (SPM) in the vicinity of the ﬁxed and longer term data collection deployments located in the surf zone and in the shoreface (Holland et al., this issue).
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Fig. 1. Location of sampling stations presented in this paper; details on Table 1. Contour depths at 5 m intervals.



2. Study area The study area lies to the south of the Patos Lagoon mouth and extends from the shoreface to the inner continental shelf adjacent to Cassino Beach (Fig. 1). This region is within the limits of the Southern Brazilian Shelf (SBS) zone, limited by Cabo de Santa Marta (281400 S) and Arroio Chuı´ (331480 S; Castro Filho and Miranda, 1998). Inner shelf sediments are composed mainly of quartzose, ﬁne to very ﬁne sands that, in some areas, are covered by silts and clays delivered onto the shelf by the lagoon outﬂow (Calliari and Fachin, 1993). These ﬁne-grained sediments form mobile mud deposits that are usually found between 6 and 15 m isobaths (Calliari et al., 2001) and that may eventually get stranded on the beach (Calliari and Fachin, 1993; Calliari et al., 2001). Wind regime is characterized by a clear bimodality; when only winds with speed greater than 10 m s1 are considered, winds from NE and from SW account for, respectively, 22% and 20% of the observations (Villwock and Tomazelli, 1995). The direction of propagation of the wind sea is closely related to the prevailing meteorological conditions in the area. Then, under fairweather conditions, the semi-stationary South Atlantic high pressure center is associated with easterly or northerly winds, while during the passage of cold fronts the wind turns counterclockwise and the wind sea is from south and southwest (Almeida et al., 2006). The study area is exposed to both long swell waves, generated in the southernmost part of the South Atlantic, and locally generated, shorter, wind sea waves. A commonly observed scenario is a distant southern swell coexisting with shorter wind seas, from NE or from SW. However, systematic wave measurements are very scarce in this region, where only few and short campaigns have been conducted (Almeida et al., 2006). Astronomical tides are semi-diurnal, and mean range is 0.3 m (Almeida et al., 2006). In contrast, under strong southerly or southwesterly winds, storm surges may reach more than 1.2 m



(Elı´rio Toldo Jr., pers. comm.), a scenario conducive to downwelling ﬂows. Besides heavily inﬂuencing shelf circulation (Lima et al., 1996), winds also play an important role in the behavior of the Patos Lagoon outﬂow (Motta, 1969), which is enhanced under winds from the NE. Observational and modelling studies indicate that mid- and outer-shelf circulation is also inﬂuenced by the northward propagation of the Plata River buoyant plume (Zavialov et al., 1999, 2003; Piola et al., 2000, 2005; Pimenta et al., 2005). Lagrangian measurements carried out in 1993 and high-resolution sea surface temperature imagery spanning 13 years (January 1982–December 1995) documented the presence of the Brazilian coastal current (a slow northeastward ﬂow) in the middle and outer SBS region (Souza and Robinson, 2004). Only a few direct measurements of current velocity and direction have been made on the continental shelf adjacent to the study area. Zavialov et al. (2002) identiﬁed a slow and persistent northward ﬂow at 15 m below the surface (the Rio Grande coastal current), not related to the prevailing wind pattern during the winter; the authors speculated that this scenario might be related to the inﬂuence of freshwater input from the Plata River and Patos Lagoon systems, that creates a stable and thin layer of less dense water in the surface, isolating the remaining water column from wind inﬂuence. In May 2002, Zavialov et al. (2003) mapped the effect of freshwater input, connected to the Plata River and Patos Lagoon discharges, on the SBS; besides a mesoscale survey that consisted of 62 CTD proﬁles, Zavialov et al. (2003) performed a local survey, distributed in 38 stations located close to the Patos Lagoon mouth. Striking water temperature inversions were identiﬁed and attributed primarily to the stabilizing effect of freshwater input, which reduces vertical mixing. Additionally, Zavialov et al. (2003) assessed the limited spatial inﬂuence of the Patos Lagoon outﬂow. It has also been speculated that seasonal and interannual variability in wind stress are associated with signiﬁcant penetration or retraction of the low-salinity tongue of Plata River



Please cite this article as: Guerra, J.V., et al., Spatial and temporal variability of seawater properties, current velocity and SPM concentration off Cassino Beach-Rio Grande-Southern Brazil. Continental Shelf Research (2008), doi:10.1016/j.csr.2008.09.010



ARTICLE IN PRESS J.V. Guerra et al. / Continental Shelf Research ] (]]]]) ]]]–]]]



discharge along the SBS and even farther north (Pimenta et al., 2005; Piola et al., 2005).



3. Methods Data presented in this paper were recorded by instruments set up in two small stainless steel frames, herein named Frame1 and Frame2. Cruises were conducted on the F/V Cassino VIII in May 13, 16 and 17, 2005. At each sampling station both frames were simultaneously lowered and let sit on the seabed just during the time needed to perform the scheduled activities. For this reason, the length of the time series varied from a few minutes to almost one hour (Table 1); only in 4 of the 11 surveyed stations there was enough time to collect data sets suitable for spectral analysis. Instrumentation in Frame1 included a 6 MHz Nortek Vector velocimeter integrated with a turbidity sensor (OBS-3, Optical Backscatter Sensor by D & A Instruments) and a Valeport CTD sensor; continuous measurements of current velocity and turbidity were obtained 30 cmab (cm above the bed), at a sampling rate of 16 Hz. Instrumentation in Frame2 included a SeaBird SeaCat19 CTD, also integrated with an OBS-3 sensor placed 50 cmab and set up to acquire data at 2 Hz. In the ﬁrst cruise (May 13), additional equipment was available: a 1500 kHz Sontek acoustic Doppler proﬁler (ADP) and a Valeport CTD; both instruments continuously recorded data at 1 min intervals throughout the cruise. The downward-looking ADP was attached to the side of the vessel and sampled water column currents spaced at 0.5 m intervals. Simultaneously, the CTD was placed inside a bucket into which water from 0.15 mbs (m below the surface) was continuously pumped; this setup allowed the recording of a continuous time series of near-surface salinity and temperature. On May 16, another 1500 kHz Sontek ADP was available and the water column was sampled at 0.25 m intervals up to 6.25 mbs. Only the OBS from Frame2 was calibrated in the laboratory with surface sediment samples taken at some of the sampling stations (2, Sting and ADVoff; Fig. 1, Table 1). Current direction was corrected for local magnetic declination (111W) and current velocity is shown as north–south (v) and east–west (u)
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components. All measurements obtained with the instrumented frames have been block-averaged and plotted at 1 s intervals. Additionally, to obtain an unbiased distribution of seawater properties to be presented in a temperature–salinity (T–S) diagram, the CTD proﬁles were re-sampled, resulting in equally spaced values with a vertical resolution of 0.5 m. Several water samples were collected at the sampling stations with a Van Dorn bottle and later ﬁltered and weighed to SPM determination according to the methods of Strickland and Parsons (1972); data from a few stations were regressed against the backscatter signal from the OBS, integrated into the calibration curves obtained in the laboratory, and used to convert Nephelometric Turbidity Units (NTU) values into SPM values in mg L1. Surface sediment samples were collected with a Van Veen grab and submitted to complete grain-size analyses using sieving at 0.5j intervals (sand fraction) and pipette analysis (silt and clay fractions). Pressure sensor data sets were used to compute the non-directional wave parameters (Tucker and Pitt, 2001); correction of pressure attenuation with depth was applied. Due to the short length of most of the time series, PUV (which stands for pressure, u and v components of the current velocity) analysis was applied to data from only one of the stations (station Sting; Fig. 1, Table 1). In the PUV analysis, linear wave theory was employed to yield wave power spectrum, using standard fast Fourier transform (FFT) to calculate the auto and cross spectra for the pressure and both velocity components (Ochi, 1998). The velocity and pressure are independent measurements and the spectra derived from them may be compared as a check; spectral agreement is a good indication of consistency between the estimates. The cross spectra are used mainly to compute the wave direction. Wind speed and direction were recorded at a station close to Cassino Beach three times a day at 12:00, 18:00 and 00:00 (local time). 4. Results Data sets collected in each cruise will be presented in the following sections, organized chronologically. Near-bed time series have been averaged and are shown at 1 s intervals. Only the upward CTD proﬁles are shown.



Table 1 Sampling stations listed in order of data collection St. ID



Latitude (1S)



Longitude (1W)



Local depth (m)



Duration of near-bed measurements (s)



Texture of surface sediment



May 13, 2005 7 8 9 10 12a 12b 13 2 1



32.3517 32.3721 32.3924 32.4187 32.4217 32.4720 32.4865 32.2366 32.2078



52.0211 52.0007 51.9732 51.9534 51.9485 51.8920 51.8834 52.1388 52.1709



21 22 23.5 24 26 26 26.8 9.5 3.8



N/A N/A N/A N/A N/A N/A 753 820 378



Very ﬁne sand (92.8% S+4.7% Si+2.5% C) Very ﬁne sand (76.6% S+15.1% Si +8.3% C) Very ﬁne sand (79.9% S+10.9% Si +9.3% C) Very ﬁne sand (90.3% S+9.7% Si) Fine sand (97% S+3% Si) Very ﬁne sand (81.1% S+14.3% Si +4.7% C) Fine sand (96% S+4% Si) Very ﬁne silt (52% Si+48% C) Very ﬁne sand (100% S)



May 16, 2005 ADV 3 4 5 ADVoff ADVon



32.219 32.2443 32.2543 32.3125 32.2217 32.216



52.1599 52.1679 52.1896 52.2459 52.1557 52.1637



8.2 8.2 9.5 9.5 9.5 7.8



N/A N/A N/A N/A N/A N/A



Coarse clay (5% S+41.5% Si+53.5% C) Coarse silt (33% S+67% Si) Coarse clay (31.4% Si+68.6% C) Medium silt (19% S+67% Si+13.5% C) Fine silt (25% S+50% Si+25% C) Very ﬁne sand 100% S



May 17, 2005 JW Sting



32.2095 32.2848



52.1704 52.0893



4.7 15.1



3328 (CTD only) 3064



Very ﬁne sand (100% S) Coarse clay 46% Si+54% C



When time allowed, water column proﬁles were followed by near-bed measurements with instrumented frames (see text for details). N/A ¼ not available. Only surface sediment samples were taken at stations 7–12b. S ¼ sand, Si ¼ silt, C ¼ clay.
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4.1. Cruise of May 13, 2005 Although surface sediment samples were collected in nine stations, water column proﬁles were performed in only three of them (stations 13, 2 and 1; Fig. 1, Table 1). Station 13 lies 42 km from the coast, at 26.8 m water depth; surface sediment is composed mostly of ﬁne and very ﬁne sands, and 4% of silt. Station 2, located 4.8 km from the coast, lies in the area where ﬂuid mud occurrence has been observed (Calliari and Fachin, 1993; Calliari et al., 2001); surface sediment is made up of almost equal amounts of silt and clay. Finally, station 1 is closer to shore, and very ﬁne sands predominantly cover the bottom. In this cruise, water column proﬁling started at station 13 at 16:46 (local time) and ended at station 1 at 22:13 (local time). During the cruise, winds blew from SE, with speeds between 1 and 3 m s1.



4.1.1. Water column proﬁles Seawater temperature (Fig. 2a, Table 2) varied between 19.3 and 20 1C, with near-bed waters being consistently warmer than surface waters in all stations. At station 13 seawater temperature stayed around 19.5 1C in the upper 13.5 m, remaining around



0



0



20 1C below 15 m. Seawater salinity ranged from 21.9 close to the surface (station 2) to 32.7 close to the bottom, at station 13 (Fig. 2b, Table 2). At station 2 a strong gradient (3.7 practical units of salinity/m) was observed in the salinity proﬁle between the near-surface area and 3.0 m depth. Close to the surface, a sharp salinity gradient of 1.7 practical units of salinity/km was documented between stations 2 and 1. Seawater density (Fig. 2c, Table 2) reﬂects the combined effect of temperature and salinity proﬁles and varied between 1015 kg m3 close to the surface (station 2) and 1023.1 kg m3 close to the bottom (station 13). SPM proﬁles (Fig. 2d) show low values throughout the water column (Fig. 2d, Table 3), with a slight increase in the lower 2.5 m at station 2, where a water sample yielded SPM concentration of 166 mg L1. At station 2, ﬁltered water samples resulted in higher concentration of SPM at the surface (51 mg L1) than at 5 mbs (26 mg L1, Table 3). Together with the lower salinity measured in the upper 3 m (Fig. 2b), the higher concentration of SPM close to the surface suggests the presence of the Patos Lagoon outﬂow. Water column current velocity components measured with the ADP were averaged for the period the boat remained in each of the three stations (Fig. 3). At station 13, the cross-shelf component exhibits an alternating pattern of offshore (positive) and onshore
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0 # 13 #2 #1



-5



-5



-5



-10



-10



-10



-10



-15



-15



-15



-15



-20



-20



-20



-20



-25



-25



-25



-25



Depth (m)



-5



19.2 19.4 19.6 19.8 °C



20



22 24 26 28 30 32



15



20 kg m-3



25



0



20 NTU



40



Fig. 2. CTD proﬁles collected on May 13, 2005: (a) temperature, (b) salinity, (c) density ( ¼ density1000) and (d) SPM (NTU, nephelometric turbidity units).
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Table 2 Seawater properties measured with CTD sensors deployed in Frame 2 Station



13 2 1 ADV 3 4 5 ADVoff ADVon JW Sting



Salinity



SPM (mg L1)a



Density (kg m3)



Temperature (1C)



Surface



Near-bed



Surface



Near-bed



Surface



Near-bed



Minimum



Maximum



30.7 21.9 29.4 30.7 29.9 29.6 29.7 30.2 30.2 29.9 30.4



32.7 31.7 30.6 30.9 30.8 30.4 30.3 30.5 30.5 30.0 30.7



19.5 19.3 19.7 19.8 19.7 19.6 19.5 19.6 19.6 19.4 19.5



20.0 19.7 19.8 19.8 19.8 19.7 19.7 19.7 19.7 19.3 19.5



1021.6 1015.0 1020.6 1021.6 1021.0 1020.8 1020.9 1021.2 1021.2 1021.1 1021.4



1023.1 1022.4 1021.5 1021.7 1021.6 1021.4 1021.3 1021.4 1021.5 1021.1 1021.7



– 45 – – – –



– 378 – – – –



33 – – 17



264 – – 1000



Values indicate range of observations between the surface and the near-bed region. In all stations, except at JW and Sting, surface waters were colder than near-bed waters. a Range of concentration of SPM from near-bed time series (stations 2 and Sting) and water column proﬁling (station ADVoff).



Table 3 Concentration of SPM (mg L1) in water samples collected with a Van Dorn bottle Station



13



2



1



ADV



3



4



5



ADV off



ADV on



JW



Sting



Depth Surface 5 mbs 10 mbs 1 mab Near-bed



11 46 28 – 29



51 26 – 48 166



19 – – 31 73



25 – – 169 2220



32 – – 12 1496



78 – – 68 148



99 – – 86 248



23 – – 45 148



21 – – 125 205



33 – – 47 –



13 – – 24 1142



mbs ¼ meters below the surface; mab ¼ meters above the bottom.
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Fig. 3. Components of water column current velocity at stations sampled on May 13: (a) station 13, (b) station 2 and (c) station 1. Positive values indicate, respectively, eastward and northward ﬂows. Panel (d) shows current speed at the 3 stations.



(negative) ﬂows in the upper 15 m (Fig. 3a); no net ﬂow is observed between 17 m and the seabed. In the alongshelf direction, the averaged ﬂows were mostly northward (positive), being stronger at the surface (/vS ¼ 9.5 cm s1) and at mid-depth (/vS ¼ 10.8 cm s1 at 12 m); very close to the bottom the ﬂow



apparently tends to turn to the south (/vS ¼ –2.4 cm s1; Fig. 3a). At station 2 (Fig. 3b), the cross-shelf component is directed to onshore up to 2.7 m (/uS ¼ 24.3 cm s1 at surface) and then it remains to offshore until 8.2 m, becoming virtually null towards the bottom. The north–south component was
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northward throughout the water column, except in the upper 2 m, where /vS ¼ 13.2 cm s1 close to the surface (Fig. 3b); its maximum value was observed at 3.4 m depth, where the computed mean value was 18.4 cm s1. At station 1, both current components were weak throughout the water column; the crossshelf ﬂow was directed to offshore, except close to the bottom where it turned to onshore. In the alongshelf direction, water column ﬂows were directed to the north reaching a maximum mean value of 8.9 cm s1 2 mbs. Filtered water samples (Table 3) resulted in SPM values between 19 mg L1 close to the surface and 73 mg L1 near the seabed. 4.1.2. Near-bed measurements Time series of near-bed pressure, current velocity and SPM concentration were collected at stations 13, 2 and 1 (Table 1, Figs. 4–6). At station 13, pressure data (Fig. 4a) documented the continuous arrival of wave groups which modulate the east–west (u) component of current velocity (Fig. 4b) whose values oscillated between 0.19 m s1 (to offshore) and 0.18 m s1 (shoreward). The north–south component of current velocity (v, Fig. 4c) oscillated between 0.15 m s1 (northward) and 0.20 m s1 (southward). Current velocity magnitude (Fig. 4d) reached 0.44 m s1. Concentration of SPM remained low, and no resuspension events were documented (Fig. 4e). At station 2, the pressure signal exhibits a low-frequency oscillation, associated with an increase of 10 cm in the mean water level during 250 s (Fig. 5a). The east–west component of the current velocity varied between 0.23 m s1 (onshore) and 0.3 m s1 (offshore); it is noticeable an enhancement of the onshore component in association with the low-frequency signal observed in the pressure record (Fig. 5b). The north–south component of current velocity (v, Fig. 5c) remained between 0.15 m s1 (northward) and 0.23 m s1 (southward) although the mean value was close to zero; current speed (Fig. 5d) peaked at 0.4 m s1. Concentration of SPM, computed with the calibrated OBS signal, oscillated between 45 and



378 mg L1 (Fig. 5e, Table 2). At station 1, the shallowest of all surveyed stations (Table 1), wave groups are again evident in the pressure record (Fig. 6a). The east–west and north–south components of current velocity shown, respectively, in Fig. 6b and c, are also modulated by gravity waves and exhibit the largest range: u varied between 0.38 (offshore) and 0.42 m s1 (onshore), while v oscillated between 0.42 (northward) and 0.19 m s1 (southward). Maximum current speed reached 0.6 m s1. Although the OBS has not been calibrated in the laboratory with samples from station 1, the record shows that SPM concentration, expressed in NTU, is above background values throughout the record (Fig. 6e). 4.1.3. Near-surface measurements The time series of near-surface (0.15 cmbs) seawater temperature and salinity documented the presence of a plume of fresher and colder water related to Patos Lagoon outﬂow. A transect extending from station 13 to station 1 (Fig. 1) documented a front located 10 km from shore. At this point, seawater salinity and temperature were, respectively, 13.8 and 19 1C, the lowest measured values on the inner shelf. At the beginning of the measurements (11:54 am local time), water salinity and temperature inside the Rio Grande channel (that connects Patos Lagoon to the coast) were, respectively, 10.4 and 19 1C. At the end of the cruise, approximately 11:30 h later, the same parameters, at the same location, exhibited values of 10 and 19 1C, attesting the unchanging conditions throughout the day. 4.2. Cruise of May 16, 2005 In this cruise, time available at each station was too short for the collection of near-bed time series. The four surface sediment samples taken in the alongshore transect that extends from station ADV to station 5 (Fig. 1) were made up of variable amounts of sand, silt and clay (Table 1) illustrating the
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Fig. 4. Near-bed time series collected at station 13: (a) depth (from pressure gauge), (b) current speed, (c) east–west and (d) north–south components of current velocity and (e) concentration of SPM 50 cm above the seabed. In (c) and (d) positive values indicate, respectively, eastward and northward ﬂows.
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Fig. 5. Near-bed time series collected at station 2: (a) depth (from pressure gauge), (b) current speed, (c) east–west and (d) north–south components of current velocity and (e) concentration of SPM 50 cm above the seabed. In (c) and (d) positive values indicate, respectively, eastward and northward ﬂows.
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Fig. 6. Near-bed time series collected at station 1: (a) depth (from pressure gauge), (b) current speed, (c) east–west and (d) north–south components of current velocity and (e) concentration of SPM 50 cm above the seabed. In (c) and (d) positive values indicate, respectively, eastward and northward ﬂows.



complex nature of bottom sediment distribution in the study area, even within the nearshore mud deposit. The same is true in the cross-shore transect, where stations ADVon and ADVoff lie, respectively, 500 m onshore and offshore from station



ADV (Table 1). In this cruise, water column proﬁling started at station ADV at 13:00 (local time) and ended at station ADVon at 19:15 (local time). Mean wind velocities were low (1 m s1); winds blew from the SW at noon and from the NW at 18:00.



Please cite this article as: Guerra, J.V., et al., Spatial and temporal variability of seawater properties, current velocity and SPM concentration off Cassino Beach-Rio Grande-Southern Brazil. Continental Shelf Research (2008), doi:10.1016/j.csr.2008.09.010



ARTICLE IN PRESS 8



J.V. Guerra et al. / Continental Shelf Research ] (]]]]) ]]]–]]]



carried out under similar environmental conditions. Proﬁles of water column current velocity components (Fig. 8) verify the relative similarity in the ﬂow conditions during all measurements: although there are oscillations in the magnitude of the ﬂows, they were systematically directed to NE. Water column current speed at stations ADV and ADVon (not shown) form an envelope with, respectively, the lower and upper limits of the recorded values.



4.2.1. Water column proﬁles The lowest values of seawater temperature, both at surface and in the near-bed region, were observed at station 5 (19.5 and 19.7 1C, respectively) while station ADV exhibited the highest value (19.8 1C; Fig. 7a, Table 2). Near-surface seawater salinity (Fig. 7b, Table 2) varied between 29.6 (station 4) and 30.9 (station ADV). In the near-bed region, salinity values varied gradually from 30.3 (station 5) to 30.9 (station ADV). Density proﬁles (Fig. 7c) closely reﬂect the shape of the salinity proﬁles and station ADV exhibits the highest values, both at surface and close to the bottom (Table 2). Up to 5.5 m below the surface, all proﬁles of SPM (Fig. 2d) are very similar; concentrations obtained from ﬁltered water samples exhibit increasing values to the south (Table 3) and varied between 21 mg L1 (station ADVon) and 99 mg L1 (station 5). In contrast, close to the bottom, there are large differences among stations and values of SPM concentration reached 2220 mg L1 at station ADV (Table 3). Overall, a southward trend of decreasing salinity and temperature and increasing SPM concentration was documented in the upper water column. It is interesting to notice that water column proﬁling from station ADV through station 5 was performed approximately only 3 h apart. This way, it can be assumed that measurements were



0



This cruise consisted of only 2 stations, JW and Sting, and a complete set of near-bed time series was obtained only at the latter (Table 1). Very ﬁne sands cover the seabed surface at station JW, that lies close to station 1, occupied 4 days earlier (Fig. 1). At station Sting, located 12.5 km from the shoreline, surface sediment was found to be coarse clay, with a similar proportion of silt and clay (respectively, 46% and 54%). Measurements at station JW were performed around noon (weak winds from W), while deployment at station Sting occurred between 15:00 and 15:50 (local time), under similar wind conditions.
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Fig. 7. CTD proﬁles collected on May 16, 2005: (a) temperature, (b) salinity, (c) density ( ¼ density1000) and (d) SPM (NTU, nephelometric turbidity units).
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Fig. 8. Components of water column current velocity at stations sampled on May 16: (a) station ADV, (b) station 3, (c) station 4, (d) station 5, (e) station ADVoff and (f) station ADVon.



4.3.1. Water column proﬁles Stations JW and Sting are 11.5 km apart and surface water temperature and salinity exhibited small spatial variability (Fig. 9a and b, Table 2). Among all stations in which CTD proﬁles were taken, only at stations JW and Sting were surface waters warmer than near-bed waters. Proﬁles of SPM were relatively uniform throughout the water column; concentrations were higher at station JW, possibly due to continuous stirring of the bottom by waves (Fig. 9d, Table 3). At station Sting water samples conﬁrmed the low concentration of SPM throughout the water column and documented a sharp increase close to the bottom where a value of 1142 mg L1 was found (Table 3). 4.3.2. Near-bed measurements Time series of near-bed pressure, current velocity and SPM concentration were collected only at station Sting (Fig. 10, Table 1). The pressure record (Fig. 10a) shows the presence of wave groups which seem to modulate both, the east–west (u) and north–south (v) components of the current velocity (Fig. 10b and c). The ﬁrst oscillated between 0.37 (offshore) and 0.28 m s1 (onshore) while v reached 0.3 to the north and 0.4 m s1 to the south. Averaged current speed peaked at 0.65 m s1 (Fig. 10d).



Concentration of SPM oscillated between 17 and 1000 mg L1 (mean value over the record was 106 mg L1) and its ﬂuctuations are apparently closely related to ﬂuctuations in the oscillatory ﬂows (Fig. 10d and e).



4.4. T–S diagrams The T–S diagram with data of all CTD proﬁles taken on May 13, 16 and 17 (Fig. 11a) shows that seawater temperature varied over a narrow range, oscillating between 19.3 and 20 1C (mean value ¼ 19.6 1C). Salinity exhibits a wider range, varying from 21.9 to 32.7 (mean value ¼ 30.6). Most of the samples are arranged along the isopycnal of 1022 kg m3. A similar diagram (Fig. 11b) shows the number of occurrences at each class of salinity (dS ¼ 1.5) and temperature (dT ¼ 0.1 1C). Measurements taken on May 16 (stations ADV, ADVon, ADVoff, 3, 4 and 5; Fig. 1, Table 2) are clustered in the same area ‘a’ (Fig. 11a), represented by black dots; all stations were located between 8 and 9.5 m water depth, and among the nearshore stations, station 5 was the farthest from the lagoon mouth (24 km to the SW). Samples acquired on May 17, represented by triangles (stations JW and
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CTD profiles - May 17, 2005 0
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Fig. 9. CTD proﬁles collected on May 17, 2005: (a) temperature, (b) salinity, (c) density ( ¼ density1000) and (d) SPM (NTU, nephelometric turbidity units).



Sting, Fig. 11a), are clustered in a different area of the diagram, indicated by ‘b’. The three proﬁles surveyed on May 13 exhibited the highest scattering what might be related to the fact that these stations spanned more than 26 m in water depth and 45 km in distance from the coast. Cluster ‘c’ is made up of samples taken at station 13 (Fig. 1, Table 1), where a mild thermocline was observed at 15 mbs (Fig. 3a). As mentioned before, a thermal inversion was documented at this station, and warmer water, although more saline, was found underneath colder water. In contrast, the near-bed layer was homogeneous and all samples fell at the same point in the T–S diagram (Fig. 11b). Cluster ‘d’ includes samples taken at station 1 and all measurements fell in the same region occupied by samples taken on May 16 (cluster ‘a’). Finally, measurements at station 2 (area ‘e’ in Fig. 11a) documented the presence of the Patos Lagoon buoyant plume, indicated by the scattering of samples towards the lowest salinities in the T–S diagram (Fig. 11a and b) (Table 4).



5. Discussion In order to investigate the forcing mechanisms that are more signiﬁcant to sediment transport in the near-bed region, spectral



analysis techniques were applied to some of the measured parameters. The results shown in the previous section document the role played by gravity waves in sediment resuspension, particularly at stations 2, 1 and Sting. To characterize the wave conditions at each sampling station where near-bed time series could be recorded, data sampled by the pressure sensors were processed to obtain a series of non-directional wave parameters (Table 5). In the cross-shelf transect sampled on May 13, signiﬁcant wave height (Hs) decreased from 0.76 m at the outer station (#13) to 0.49 m at the station closer to shore (#1). On the other hand, near-bed maximum orbital velocities (um) computed using the values of estimated Hs and Ts would increase from 0.12 m s1 at station 13 to 0.36 m s1 at station 1, potentially reaching 0.54 m s1, at the latter if the estimated values of Hmax and Tpeak are used (Table 5). These results might explain the absence of sediment suspension events documented at station 13 (Fig. 4e) where, according to Komar and Miller’s theory (1975), the threshold value necessary to resuspend ﬁne sands (0.26 m s1) would be twice the estimated maximum orbital velocity (um). While the spectrum of the pressure signal exhibits a broad and signiﬁcant peak around 0.1 Hz (Fig. 12a), the spectrum of SPM concentration (Fig. 12b) does not show such a signal, conﬁrming what is seen in the time series (Fig. 4e). Additionally, although a
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Fig. 10. Near-bed time series collected at station Sting: (a) depth (from pressure gauge), (b) current speed, (c) east–west and (d) north–south components of current velocity and (e) concentration of SPM 50 cm above the seabed. In (c) and (d) positive values indicate, respectively, eastward and northward ﬂows.
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Fig. 11. (a) T–S diagram with data of all CTD proﬁles and (b) T–S diagram with number of occurrences at each class of salinity (dS ¼ 1.5) and temperature (dT ¼ 0.1 1C). Thin vertical lines indicate isopycnals of 1015 and 1020 kg m3.



Table 4 Range, mean and standard deviation of the east–west and north–south components of near-bed current velocity, all expressed in m s1 Station



13 2 1 Sting



Cross-shelf component



Alongshelf component



Westward (on)



Eastward (off)



Mean



Std.



North



South



Mean



Std.



0.18 0.23 0.42 0.28



0.19 0.3 0.38 0.37



0.01 0.04 0.02 0.01



0.064 0.097 0.15 0.083



0.14 0.15 0.42 0.31



0.2 0.23 0.2 0.4



0.012 –0.004 0.04 –0.006



0.04 0.06 0.11 0.10



Positive values indicate, respectively, eastward and northward ﬂows; Std ¼ standard deviation.
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large amount of energy is observed at the low-frequency band (o0.05 Hz) in the spectrum of current speed (Fig. 12a), there is no indication of low-frequency suspension events (Fig. 12b), due to the absence of resuspended sediment in the water column. At station 2, the spectra of current speed and particularly that of pressure (Fig. 12c) exhibit a signiﬁcant amount of energy at the Table 5 Non-directional wave parameters computed from data sampled with a pressure sensor: Hs ¼ signiﬁcant wave height; Ts ¼ mean period of highest 33% waves; Hmean ¼ mean wave height; Tmean ¼ mean wave period; Hmax ¼ maximum wave height and Tp ¼ peak wave period Station
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a From PUV analysis; the remaining values were obtained through spectral analysis of the pressure signal.



gravity wave band (40.05 Hz); although less conspicuous, a peak is observed at the same frequency in the spectrum of SPM concentration (Fig. 12d). This result is an indication that the very ﬁne silts that blanket the bottom are, at least sporadically, resuspended by oscillatory ﬂows that at the time of the survey could have peaked at 0.3 m s1. Nonetheless, the spectrum of current speed shows that most of the energy is associated with low-frequency oscillations (Fig. 12c) and this same pattern is observed in the spectrum of SPM concentration (Fig. 12d). At station 1 (Fig. 13a and b), where maximum orbital velocities could potentially have reached values between 0.36 and 0.54 m s1, the spectra of pressure and current speed exhibit an important peak around 0.1 Hz. One distinct aspect observed at station 1 is that the spectrum of current speed shows a large amount of energy at higher frequencies (Fig. 13a), but this has no impact on the spectrum of SPM (Fig. 13b). In the lower frequencies (o0.05 Hz), the pattern shown by the SPM seems to be more closely related to that of current speed and not to the pressure. At station Sting, sampled on May 17, there is a noticeable relationship between pressure and SPM spectra in the gravity wave band, with
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Fig. 12. Spectra of near-bed pressure, current speed (a and c) and concentration of SPM (b and d) measured at stations 13 and 2. Units of power spectral density (PSD) are: m2/Hz for pressure, m2 s2/Hz for current speed and g2 L2/Hz for concentration of SPM. The spectrum of each variable has been normalized by its highest value.
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conspicuous peaks around 0.1 Hz (Fig. 13c and d). On the other hand, the spectrum of current speed exhibits a broad spectral valley between signiﬁcant peaks at low frequencies (o0.05 Hz) and the same higher frequency observed at station 1 (Fig. 13c). Except for the signiﬁcant peak observed around 0.1 Hz, the spectrum of SPM presents a clear tendency of decreasing energy with increasing frequency (Fig. 13d). This same general pattern is observed for stations 2 (Fig. 12d) and 1 (Fig. 13b). To further evaluate the role of waves in the sediment dynamics of the study area, PUV analysis was applied to data from station Sting. The record of 1024 points was segmented in 32 partitions of 32 points yielding 64 degrees of freedom using the Welch method (Welch, 1967) to obtain the spectral estimators. The peak period was 9.3 s and the Hs determined by integrating the spectral area was equal to 0.8 m; the peak direction was 1421 indicating waves coming from SE. Oscillatory ﬂows of 0.25 cm s1 could be expected under the estimated wave conditions. The clustering of points in regions ‘a’, ‘b’ and ‘d’ of the T–S distribution (Fig. 11b) suggests that the main water mass present off Cassino Beach during the sampling campaign was Coastal Water (CW) formed by the dilution of Subantarctic Shelf Water



13



(SASW) by Plata River and Patos Lagoon outﬂows. The major evidence of direct inﬂuence of the Patos Lagoon outﬂow was the buoyant plume observed as a 2.5-m thick layer at station 2, sampled on May 13. This sampling station was only 2.5 km away from station 3 (sampled on May 16), where no trace of the plume was found (Fig. 7). A few studies suggest that the Plata River buoyant plume plays a major role on the SBS circulation by creating a thin and stable surface layer of less dense water (e.g. Piola et al., 2000, 2005; Pimenta et al., 2005; Zavialov et al., 1999, 2003). Current velocity measurements taken 90 km SE from the Patos Lagoon mouth (Zavialov et al., 2002) showed residual mean currents ﬂowing to the north. During wintertime, low-salinity waters (30–33) may take up the continental shelf up to the 25 m isobath; this low-salinity water has been traced as far north as 750 km from the lagoon mouth, reaching the northern coast of Santa Catarina state (Borzone et al., 1999; Schettini et al., 2005) and, exceptionally, the Southern Brazilian Bight (up to 231S; Campos et al., 1996; Souza and Robinson, 2004). Since there are no local sources of freshwater discharge large enough to produce such low-salinity waters, its origin has been attributed to the northward advection of the Plata River buoyant plume (Piola et al.,
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Fig. 13. Spectra of near-bed pressure, current speed (a and c) and concentration of SPM (b and d) measured at stations 1 and Sting. Units of power spectral density (PSD) are: m2/Hz for pressure, m2 s2/Hz for current speed and g2 L2/Hz for concentration of SPM. The spectrum of each variable has been normalized by its highest value.
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2000, 2005; Pimenta et al., 2005). A recent regional scale survey (Mo¨ller et al., 2008) suggests that, in wintertime, the inner shelf adjacent to the study area is taken up by CW, which has been renamed Plata Plume Water (PPW); the location of PPW is controlled mostly by the prevailing wind pattern: while a downwelling-favorable scenario (southerly to southwesterly winds) tends to push PPW farther north, keeping it close to the coast, under an upwelling-favorable scenario (northeasterly winds) PPW tends to retract to the south and is driven farther away from the coast.



6. Conclusions This paper contributes to broaden the existing database of oceanographic data collected in the coastal area adjacent to Cassino Beach. Measurements were conducted during the autumn season, a period when the southern Brazilian continental shelf circulation undergoes major changes (Lima et al., 1996; Soares and Mo¨ller, 2001; Piola et al., 2005). Seawater temperature was found to be fairly uniform throughout the surveyed area; taking into account measurements performed at all depths, its values ranged between 19.3 and 20 1C. As already reported by Zavialov et al. (2003), seawater temperature inversions were observed in the upper water column. On the other hand, due to the proximity of the Patos Lagoon mouth, seawater salinity exhibited larger variability, particularly in the upper 3 m of the water column where a plume carrying less saline water was sampled during the ﬁrst cruise (May 13). Four days later, the plume had been advected from the area and/or mixed away with ambient water (a slight freshening of near-bed water was observed). SPM concentration measured in the near-bed region exhibited large spatial variability over a short distance: samples collected at stations located only 500 m apart, stations ADV and ADVoff (Fig. 1, Table 1), yielded values 15 times larger at station ADV. Spectral analysis of current speed and SPM concentration indicates the important role played by low-frequency (o0.05 Hz) oscillations. All measurements were carried out under fairweather conditions, and currents measured at most of the stations were directed to NE. It is known that during the passage of cold fronts formed in high latitude areas, the southern Brazilian continental shelf is exposed to high energy conditions, not documented during the cruises of May 2005. For instance, signiﬁcant wave height (3.5 m) and period (15 s) reported by Calliari et al. (2001) would induce oscillatory ﬂows above 1.2 m s1 at 15 m depth, a value ﬁve times larger than the estimated value for station Sting (0.25 m s1), located at a similar water depth. Satellite imagery has documented resuspension events along the shoreface and inner continental shelf adjacent to Cassino Beach and farther south. The forcing mechanisms associated with such events remain unknown. Acknowledgements We would like to thank Carla D’Aquino (UNIVALI), the crew from F/V Cassino VIII, Silvio Souza and Carlos Bergamini from HuskyDuck, and the several students from FURG for their help and support during the cruises. Neusa Teixeira and Glo´ria Canteiro (LOG-FURG) performed sediment grain-size analysis and ﬁltered the water samples. Lauro Calliari (FURG) provided the wind data. Funding was provided by the Ocean of Naval Research International Ofﬁce (Grants NN00014-04-1-0274 and N00173-04-1G901); M. M. Azevedo was partially funded by a scholarship from
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open, sandy coastal area known for the occurrence of patches of fairly large amounts of muddy sediments ... winds from NE and from SW account for, respectively, $22% and ..... exhibits an alternating pattern of offshore (positive) and onshore. 
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