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The area between the island of Capri and Punta Campanella was investigated from June to November
2003. Punta Campanella separates the Gulf of Naples from the Gulf of Salerno and has been declared
a marine protected area in 1997. The study area has a particular interesting topography, due to the
presence of a sill situated at a depth of 80 m. Samples were collected by instruments carried on a
mooring array (sediment trap, current meters, and temperature sensors) and by CTD cast (along tran-
sects perpendicular to the coast). We observed most important fluctuations in the temperature spectra
(corresponding to the inertial oscillations period), in August. The total mass flux was 585.67 mgm~?>
d~! in the summer, while in early autumn the flux exhibited values one order of magnitude higher than
in summer (1539.97 mgm~2 d~'). The main focus of this study was to understand the influence of the
internal waves on the particle flux. During the autumn, in the particle flux collected, there is a strong
resuspension component, and the observation that the enhanced inertial oscillations and increased
sedimentation occur at the same time allows us to presume that the inertial oscillations could be one
of the reasons for the resuspension process during the sampling period.

Keywords: Gulf of Naples; Inertial oscillations; Particle fluxes

1. Introduction

The Gulf of Naples is located over the continental shelf in the south-eastern part of the
Tyrrhenian Sea (Western Mediterranean), with an average depth of 170 m over and an area
of about 870 km?. Due to its peculiar morphology, it represents a prototype of an almost
rectangular semi-enclosed sea, and so it is very interesting for oceanographic purposes. In this
area, two subsystems coexist: a eutrophic coastal zone and an oligotrophic area [1]; the location
and width of the boundary between the two subsystem are variable over the seasons [2, 3].
The phytoplankton population is dominated by diatoms and phytoflagellates for most of year
[4]. The annual cycle of the autotrophic biomass is characterized by an initial growth phase
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in winter, a second growth phase in late spring—summer, and a third growth phase in the
autumn [5].

Ribera d’Alcala et al. [5] observed a regularity in the occurrence of species against the
quantitative interannual variability and suggested that biological rhythms regulate the temporal
dynamics of the communities, whereas the abiotic forcing modulates the amplitude of the
growth phases. In the gulf, three main masses water can be found, depending on the dynamic
seasonal situation. The first has its origin in the Atlantic Ocean, Atlantic Water (AW), and
the latter is Levantine Intermediate Water (LIW), with hydrological characteristics within
the gulf of T = 14.2°C, § = 38.65, and o; = 29.0; the last is Tyrrhenian Surface Water
(TSW) [1, 6].

The circulation is generally characterized by a low-frequency dynamic (period >24h),
influenced by the meteorological conditions of the Tyrrhenian Sea; and a high-frequency
dynamic (period <24 h), dominated by inertial oscillations. The inertial oscillations are caused
by abrupt variations of the current direction or by changes in the winds field, and they have
a period of about 17-18 h [7]. The understanding of the dynamics in this gulf is particularly
interesting due to the fact that the littoral area is heavily influenced by the land runoff from a
very densely populated region.

The headland of Punta Campanella (belonging to the Sorrentina Peninsula) separates the
Gulf of Naples from the Gulf of Salerno and has been declared a marine protected area in
1997. In the past 20 yr, this area suffered environmental damage due to the use of trawl nets,
explosives, urban and industrial waste waters, and poachers of date mussels [8]. The Sorrentina
Peninsula is characterized by high calcareous cliffs that decline in the sea at depths of more than
50 m, and it is separated from the Island of Capri from the Bocca Piccola Area. Bocca Piccola
has a particularly interesting topography due to the presence of a sill situated at a depth of 80 m,
which slopes rapidly down as far as the 1000-m isobath. In this area, the occurrence, during the
summer, temperature oscillations corresponding to the thermocline stratification may be due
to the presence of internal waves. These waves may cause vertical motion, influencing current
velocity along the vertical component. Convincing evidence is emerging that internal solitary
waves and other long wave packets propagating in shallow seas can frequently stimulate
remarkably elevated rates of resuspension of sedimentary material [9].

Several authors have described the physical phenomenon of internal waves [10-20].
Motions at near-inertial and tidal frequencies are spread into the basin interior by propa-
gating internal waves that may break in certain areas, thereby causing mixing [21]. Particular
topographic sites may be important for internal wave breaking and thus localized enhanced
mixing [22-24]. The presence of sills causes stronger currents that release large amounts
of turbulent kinetic energy, which has a tremendous impact on the physical and biological
components [25].

The aim of this study was to characterize inertial oscillations and to evaluate the role of
internal waves in resuspending sediment from the bottom boundary.

2. Materials and methods

This study included two time series of data collected from the 9 June to 11 September and
from 11 September to 10 November 2003 using a sediment trap and oceanographic instruments
(current meter and temperature sensors), carried on bottom-tethered mooring deployed at 40°
34’ 538” N, 14° 18 831” E in the area of Punta Campanella (figure 1). The oceanographic
cruise was conducted aboard the N/O Universitatis. In addition, hydrological sampling by
CTD was carried out along transects perpendicular to the coast.
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Figure 1. (a) Gulf of Naples and (b) mooring site and CTD stations in the Punta Campanella area.

2.1 CTD profiles

Hydrological casts were carried out using an SBE 9/11 Plus CTD, with temperature and con-
ductivity sensors, on 10 June and 11 November 2003. During the cruises, the CTD temperature
was controlled by means of two SIS RTM 4200 digital reversing platinum thermometers. At
every station, several replicate samples were collected at all depths and analysed on board by
means of an Autosal Guidline Salinometer. CTD profiles were collected along three perpendic-
ular transects to the coast, close to the mooring station. On 10 June, from stations No. 17 to No.
19, salinity and density data were not available because the conductivity sensor did not work.

2.2 Currents and temperature data

Currents were monitored with Aanderaa RCM7 current meters, at depths of 25 and 65 m, and
the frequency of acquisition was set at 30 min. Temperature was detected using a Sea-Bird
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Electronics temperature sensor at depths of 30 m, 38 m, 46 m, and 52 m, and the frequency
of acquisition was set at 10 min. Data were filtered with band-pass filtering (filter degree 3),
to attenuate the high-frequency signal due to diurnal and semidiurnal tidal oscillations and to
characterize inertial oscillations.

To calculate the eddy kinetic energy (EKE), the following equation was used: EKE =
1/ D)[w")? + (v)?]. In addition, wind data were obtained from the Meteorological Station
of S. Agata (Sorrentina Peninsula). Current data at 25 m of depth were not available from
11 September to 10 November because the current meter did not work.

2.3 Sediment trap sampling and analyses

Sediment traps were deployed at a depth of 76 m (9 June—11 September; Trap BP1) and 68 m
(11 September—10 November; Trap BP2). Each sediment trap (Hydro-Bios Multi Sediment
Trap MST 24) carried only one receiving cup with a collecting area of 0.01515 m? and was
fitted with a plastic baffle mounted in the opening, to prevent large organisms entering. In the
receiving cup, a 5% buffered formalin-sea water solution was used as a preservative. Upon
recovery, samples were kept refrigerated (~2—4 °C) in the dark until analysis. Each sample
was then precisely divided, for subsequent analysis, into a series of replicate fractions (or
subsamples), according to Heussner et al. [26]. Prior to splitting, swimmers (zooplanktonic
organisms that can enter the receiving cups while alive) were removed because they can
introduce an erroneous active component in the measurement of the passive flux [27]. Then,
the original sample was diluted in a suitable volume of 0.4 um of filtered sea water and kept
homogenized with an orbital stirrer; while stirring, small equal volumes of the suspension were
successively poured into several beakers using a high-precision peristaltic pump. Replicate
fractions were vacuum-filtered through pre-weighed 0.45-um Millipore filters for total mass
determination and through pre-weighed 0.45-um Whatman GF/F filters for organic carbon
(OC) analyses. Filters were then desalted by briefly washing with distilled water, dried at
60°C, and weighed. OC was measured by combustion in an elemental analyser (LECO CS
125); filters were previously treated with 2N H3;PO,4 and 1 N HCI (UNESCO, 1994). Faecal
pellets were counted, under a dissection microscope, in the whole sample or some replicate
fractions and converted to fluxes (no. pellets m~2 d~!) by dividing the total number by the
time interval and the trap collection area.

3. Results

3.1 Vertical sections

The results focus on three transects; each transect includes three CTD stations. CTD casts
were collected on 10 June 2003, during the summer survey, and on 11 November 2003, during
the autumnal survey. Potential temperature, salinity, and density data are shown in figure 2. In
the summer (figure 2a), surface waters were characterized by temperature 7' = 24 °C, salinity
S = 38.64, and density § = 26.34kgm™>. The thermocline isotherms were found between
10 and 40 m, followed by a continuous mixed layer almost to the bottom. In the autumn
(figure 2b), the surface mixed layer was 50 m thick with values of T = 20°C, S = 37.90, and
8 = 27.00kg m~>. The thermocline layer was found at depths of 55-70 m, and below this layer,
a mixed layer was present. We observed, in the both periods, Tyrrhenian Surface Water (TSW;
T =21°C; § =37.80; § =26.60kg m~3) in the surface layer, and Levantine Intermediate
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Figure 2. Vertical sections of potential temperature (°C), salinity and density (kg m~—>) in (a) June and (b) November
along the transects.

Water (LIW; T = 14.2°C, S = 38.65, § = 29.0kgm~?) flowing in the gulf across the sill at
a depth of 80 m.

3.2 Temperature and velocity spectra

The spectra of the temperature and velocity fluctuations show the strongest peaks at the 7—8-
d frequency periods, followed by diurnal and semidiurnal frequencies, and also in the 17-
and 18-h overtones that represented the inertial oscillation period and are not evident in each
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Figure 2. Continued.

spectrum. Velocity vector is divided into two components, u along the E-W direction and
v along the N-S direction. In August, temperature spectra show higher peaks diminishing
with depth; in September, they show the largest peaks in the middle sampling levels, and
in October, no particular peak is present. The spectra of the velocity # and v component
show the strongest peaks in August, September, and October. The relatively large amplitude
of the u component velocity variations then highlights the predominantly east-west zonal
flows.
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3.3 Time series of temperature, currents, and wind

Direct temperature, currents, and wind observations are used to describe the properties of
internal waves. The time series (9 June-31 October) of temperatures collected at the moor-
ing (figure 3) exhibited wider fluctuations in three different times, with stronger oscillations
into the surface layer. The first significant inertial oscillation (30 July—5 August) is a result
of strong wind variation coming from the northwest to the south-east and a rapid variation
in the current direction, especially at a depth of 25 m. The second inertial oscillation (15
September—21 September) is due to the inversion of the current from SE to NW, and the
period of fluctuations is around 5-6 d. In both cases, the temperature fluctuations spread into
the thermocline, behaving as a waveguide. The last obvious signal of inertial oscillation (17-23
October) is found at deeper levels, near the bottom, following a strong south-eastward current
(figure 4).

Table 1 shows the ranges of wind and current intensity and the temperature fluctua-
tions in the water column during the inertial oscillations events. The current at 65-m depth
exhibits high-intensity variations during three events: from 30 July to 5 August, the range
is 1.5-6.5cms™!; in the week 15-21 September, the range is 1.5-1.8cm s~!: and from
17 to 23 October, the range is 1.5-15.3cms™!. The wider temperature oscillations corre-
spond to the current variations: these can be observed in relation to the surface layer, at
25-m depth (17.5-26.3 °C), during the first event. From 15 to 21 September, the ranges vary
from about 5 to 6° to a depth of 46 m. In the last period, the fluctuations are very notice-
able near the bottom, at depths of 46 m, 52 m, and 65 m, with ranges fluctuating from about
4 to 5°.

3.4 Sinking particle: qualitative observations

The BP1 sediment trap collected negligible amounts of swimmers, while the BP2 trap included
large amounts of zooplanktonic organisms. In both traps, the more abundant organisms were
represented by copepods, pteropods, and polychaetes. During the autumn, the trap included
a strong benthonic component, as polychaetes, pecten, calcareous algae, and copepods were
represented principally by exuvie.

27
—~ 23 /
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b | it
i 19 Ll i L Y | AR o TR
= |
g |
£ 17 ! i i
15 ' AT ol bk kol } il
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13
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Figure 3. Time series of temperature (°C) at depths of 25, 30, 38, 46, 52, and 65 m.
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Figure 4. Stick plots (cm s~1) of the wind (ms~!) and of the currents (cms~') at 25 and 65 m depth.

The dominant morphological types of faeces showed a cylindrical shape. In the summer
period, pellets were the best preserved. In the autumn, pellet samples were more degraded
than in the summer samples; they were fragmented lengthwise (with the peritrophic membrane
disrupted at many points) and less densely packed. The pellets observed in BP2 were generally
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Table 1.
temperature fluctuations in the water column during the inertial

Range of the wind and current intensity and

oscillations events.

Day

‘Wind 25 m current 65m

(ms™") (ems™1) current (cms™!)

30 Jul-5 Aug
15 Sep-21 Sep
17 Oct-23 Oct

0.1-6.7 1.5-11.7 1.5-6.5
0.0-3.2 - 1.5-5.8
0.1-8.0 - 1.5-15.3

185

Temperature (°C)

Day 25m

30m 38m 46 m

52m

65m

30 Jul-5 Aug 17.5-26.3
15 Sep-21 Sep 18.7-24.1
17 Oct=23 Oct 20.0-214

15
16
18

.8-18.8 15.3-17.4 14.5-16.6
1-22.8 15.3-22.7 14.8-22.5
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Figure 5. Total mass flux (TMF, mgm~2 d~!), organic carbon flux (OC, mgm~2 d~') and faecal pellets flux (FP,
no. pellets m~2 d~!) as measured by summer (BP1) and autumn (BP2) trap.
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darker in colour than the pellets collected in BP1. In both samples, the pellet sizes were in two
principal classes: 500-700 pm and 160-300 pm.

3.5 Sinking particle: quantitative observations

During the summer (June—September), the total mass flux was 585.67 mg m~2 d~!, while in
the early autumn (September—November) the flux exhibited values are order of magnitude
(1539.97 mg m~2d~h higher than in summer (figure 5a).

The OC was 121.6mgm~2 d~! during the first period and 269.8 mgm~2 d~! during the
second period, contributing to 21 and 18% of the total mass flux (figure 5b). Faecal pellets
(FP), despite showing the same order of magnitude in both traps, exhibited a higher flux in
BP2 (8.30 x 10* pellets m~2 d~!) than in BP1 (2.11 x 10* pellets m~2 d~') (figure 5c).

4. Discussion

The hydrodynamic structure in the Gulf of Naples has been described by several authors
[6,28,29]. The Gulf of Naples is sometimes strongly influenced by the presence of near-
inertial oscillations which tend to vanish or grow in different points of the gulf. At the latitude
of the Gulf of Naples, the Coriolis frequency corresponds to a period of about 17 h, and inertial
phenomena are observed to prevail during the summer and autumn when the thermocline is
well developed in the Tyrrhenian Sea, as deduced from hydrological profiles from various
oceanographic surveys carried out in 1977-1981 [7]. Results obtained in this study bear out,
after 20 yr, the persistence of inertial oscillations in the Bocca Piccola.

Typically, inertial oscillations depend on a rapid variation in the current direction caused
by a sudden change in the wind field. The origin of internal waves in the Bocca Piccola is
attributed primarily to the topography of the sill: the current flowing over the sill generate
internal waves because of the abrupt bottom variation the passage of these waves produces
vertical mixing. During summer 2003, we observed a single significant inertial event (from
30 July to 5 August) as a result of a variation in the direction and intensity of the current, due
to the wind.

In early autumn, inertial events are more intense than in the summer. The first event, during
the second week of September, follows current inversion. Between 17 and 23 October, the
inertial oscillatory current is stronger than the others, and the flux is observed on the sill from
the north-west to the south-east. This study suggests that the inertial oscillation events are
correlated with the wind at periods representing the passage of atmospheric fronts.

Table 2 shows the EKE values of currents as a weekly average. According to Filonov
et al. [18], the existence of a sill in the presence of high kinetic energy is an appropriate
condition for the generation of internal waves. EKE exhibits a strong increase in the upper and
bottom layers corresponding to inertial oscillation as a result of strong current fluctuations.
During the summer, the energy values are found to be high also in the week following the
inertial event and decrease rapidly thereafter; therefore, in September and October, higher
EKE values are observed during inertial oscillations periods.

The weak dependance from depth of the seasonal changes in eddy energy implies that the
relative importance of wind-generated eddy energy is maximal at a depth where the general
(baroclinic) variability level is low. Accordingly, a significant correlation is found between the
seasonal cycle in the variance of wind stress and the seasonal cycle in eddy energy [30]

Figure 6 shows the vertical temperature profiles during the whole sampling period and
underlines the stronger and deeper stratification of the water column (from surface to 50-m



12: 50 15 January 2011

Downl oaded At:

Inertial oscillations and particle flux interactions 187

Table 2. Eddy kinetic energy (EKE, cm? s~2)
calculated on previous, corresponding (shown in bold)
and subsequent week to the inertial oscillations.

Depth (m) Day EKE (cm~2572)
25 23 Jul-29 Jul 5.99
30 Jul-5 Aug 10.92
6 Aug-12 Aug 11.19
13 Aug-19 Aug 4.11
65 23 Jul-29 Jul 1.81
30 Jul-5 Aug 3.27
6 Aug—12 Aug 3.15
13 Aug-19 Aug 1.37
8 Sep-14 Sep 2.31
15 Sep-21 Sep 3.01
22 Sep-28 Sep 2.07
10 Oct=16 Oct 4.55
17 Oct-23 Oct 8.62
24 Oct=31 Oct 3.88
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Figure 6. Vertical sections of potential temperature (°C) from June to October.

depth) during autumn. We found that inertial oscillations propagate in the deeper sampling
levels in early autumn and for a longer time (figure 3); this could be due to the stratified surface
layer that could hinder vertical energy propagation.

These results are in agreement with De Maio [7], who showed that even though the energetic
input relative to inertial events is associated with passing storm systems, the water stratification
is the main condition necessary for the existence of these current oscillations because in winter
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(when storms are stronger and more numerous), not so many inertial events are observed as
during the summer.

Despite the presence of a well-stratificated thermocline that could obstruct downward
particulate fluxes in the water column, during autumn the flux exhibits values one order
of magnitude higher than in the summer. Unfortunately, there are no references on the par-
ticle flux in the Gulf of Naples. However, several authors have observed in other areas of
the Mediterranean Sea maximum peak fluxes during the summer months ranging from 0.4 to
2.0gm~2 d~', and fluxes between 0.1 and 0.6 g m~2 d~! [30-35] during the autumn. In our
samples, the total mass flux from September to November was 1.5 gm~2 d~!, the highest ever
reported for the autumn with respect to the other Mediterranean values.

Cacchione et al. [36] observed that if high-frequency internal waves shoal and break along
the seafloor in the seasonal pycnocline, erosion and resuspension of bottom sediment might
occur. In this study, we found evidence of resuspension of the sediment collected in the autumn:

(1) Faecal products are darker in colour, and according to Heussner et al. [26], the darker
faecal products have a benthonic origin. Besides, in this period, pellets were fragmented
and less densely packed (as a consequence of along exposure to degradation mechanisms),
suggesting contact with the sediment.

(2) The presence of a strong benthonic component such as polychaetes and calcareous algae
has been found.

The observation that the enhanced inertial oscillations and increased sedimentation occur at
the same time, when resuspension of the sediment was observed, allows us to presume that
the inertial oscillations could be one of the causes contributing to the resuspension process.

However, this study was carried out near the coast where currents are strong and variable,
and it is possible than in the autumn, the sediment resuspension is due to turbulent mixing by
wind or by breaking of surface waves.

One previous study in the Thermaikos Gulfin Aegean Sea [37] showed that sampling periods
were characterized by stronger near-bed currents, while relatively weak internal wave motions
dominated the periods of stratification. The near-bed currents showed strong coherence with
the wind during the period of full homogenization, whereas during stratification periods, the
wind provided indirect forcing evident mostly in the internal-wave bands. The site was too
deep (63 m) for the surface waves to cause any sediment resuspension. In conclusion, the
observed near-bed currents at the site of interest did not appear to produce significant local
resuspension of sediment; notably, the current—turbidity correlation suggested a shoreward
transport of suspended material.

This work is only a preliminary study because, currently, our results are not sufficient to
prove the relationship between internal waves and sediment resuspension in this area. In the
future, to understand the internal wave effects on sediment resuspension, it would be very
useful to collect particles by time-series sediment traps deployed from the surface to the
bottom. Moreover, it could be very interesting to understand the internal wave effects on
biological production in the surface layers through a synoptic campaign of measurement that
synchronizes sampling with inertial oscillations events, also considering the various biological
parameters (chlorophyll, phytoplankton, and nutrient), that would be specific indicators of
vertical advection from deeper layers.
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