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Abstract

:

Coupling between sea/land breeze and coastal circulation and the influence of wind-driven dynamics are substantially relevant for understanding coastal Mediterranean ecosystems. These coastal areas are particularly dynamic and are characterized by high-variable processes which drive biological phenomena at different time-scales. For the Tyrrhenian Sea, the available information on coastal dynamics is confined to large-scale general circulation with a focus exclusively on mesoscale pelagic dynamical processes. Hydrodynamic studies of Tyrrhenian coastal areas are very rare and focus on surface water circulation. For time scales that are associated with coastal water circulation, there is also limited knowledge on water column dynamics that are forced by local atmospheric circulations. This paper presents physical and biological data to document the effect of sea/land breeze circulation on ocean current dynamics and water column structures in a Northern Tyrrhenian coastal site. This coastal area is characterized by the presence of a relevant energy production site as well as one of the most important ports in the Mediterranean Sea for cruise traffic. Consequently, this coastal site is a transit point for many tourists and it is characterized by an increase of energy demand, especially during the summer season. The in-situ data show that coastal currents are predominantly controlled by the tide and local wind and respond rapidly to changes in wind direction. Water column thermal structure analyses reveal significant changes with the morning’s rotation of breeze: lifting of isotherms (cooling) was typically observed in deep layers during early mornings, accompanied by fluctuations in isotherms. The performed investigations provide valuable inputs for coastal ecosystem modeling and for a better understanding of the coastal processes that are significant for environmental and navigational interests.
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1. Introduction


In the summer, coastal systems are often dominated by daily patterns of local breeze circulation. This holds true especially during periods of fair weather [1], when breeze circulation produces coastal dynamics that result in current and buoyancy-driven motions. During daytime, a gradient of horizontal pressure is established towards the land (sea breeze), while at night, this breeze reverses its course (land breeze) [2]. Sea breezes are generally more intense than land breezes. This difference occurs due to the land-sea thermal gradient, which is most evident when synoptic-scale winds are either weak [3] or strong [4].



The wind generally rotates clockwise during the day, moving offshore at night and onshore during the morning. Complex terrains have a strong influence on breeze circulation patterns [5] and can result in deviations of the breeze flow [6]. Non-uniform changes in the land/sea breeze direction occur over time due to the Coriolis Effect, pressure gradients from diurnal heating (cross-shore pressure gradient) and pressure gradients that are unaffected by diurnal changes [7]. This local atmospheric circulation significantly affects the dynamic processes operating on the coast at different temporal and spatial scales, resulting in highly variable phenomena [8]. Nearshore currents are coherent with the daily breeze cycle [9,10] responding rapidly (3–5 h) to the change in wind direction and varying within a specific time scale (24 h), which is a typical sub-mesoscale phenomenon. Coastal dynamics that are linked to breeze circulation influence the water [11], modifying the physical and biological parameters on short temporal and spatial scales of less than 24 h. Many observations have focused on the role of land/sea breeze events in coastal upwelling and downwelling [12]. Also, high-variability processes could occur, such as internal gravity waves [13,14], especially in a well-stratified water column. In addition, wide-ranging external forcing (such as tides) and coastal morphology influence these dynamics, further increasing the spatial and temporal variability of the coastal system [15]. Several studies conducted in shelf areas have highlighted the importance of tides in the coastal current dynamics. The tide produces currents that influence the cross-shore transport and the internal motions. Pineda proposed that the internal tide produces an upwelling phenomenon, resulting in an advection of cold and dense water from the sub-surface layer [16].



Many authors have demonstrated a strong link between physical and biological dynamics [17], and such features have been observed in tides [18], wind-driven upwelling [19,20] and high frequency internal waves [21]. As phytoplankton production is strongly linked to physical forcing [22,23], which in coastal environments occurs at different time scales [24], the phytoplankton growth is synchronized with the associated dynamical processes, leading to increased primary production and biological trophic interactions [25]. Wind-driven processes play important roles in coastal ecosystems [26]. The induced current leads to pulses of nutrient input to the surface, nourishing primary producers, and transporting near-surface plankton over the shelves [27]. This influences the recruitment pulses of both intertidal invertebrates and commercially important fish species [28]. Furthermore, coastal zones are associated with an external input of nutrients, resulting in high nutrient levels, a condition under which physical forcing strongly affects coastal environments; with high nutrient levels, turbulence variations modify the characteristics of food web structures. In the absence of physical forcing, turbulence levels are low and dinoflagellates may, therefore, grow abnormally and result in harmful algal blooms [29].



Several studies [30,31,32] showed that the Tyrrhenian Sea is characterized by breeze circulation. Earlier work tended to be concerned with the role of the pollutant dispersion in the coastal zone [33,34,35]. However, hydrodynamic studies of the Tyrrhenian coastal zone are very limited [36,37] because the majority of literature focuses on general large-scale circulation, in particular on mesoscale pelagic dynamical processes [38,39,40,41]. The coastal zone of the herein investigated study area needs to receive an increasing amount of oceanographic attention both for the continuous port expansion and for a power plant that uses the coastal water as an engine cooling system. As already noted by Elliot [36] in 1981, “there is the basic requirement of a description of the currents and hydrographic properties of the shallow and coastal waters”, especially during the summer season that is characterized by an increase in cruise and tourist traffic as well as energy demand.



In this study, we collected oceanographic data by time series on a continental shelf with the support of current meter surveys in order to analyze the physical and biological processes on a daily scale, including the effects of breeze circulation on coastal currents, thermal patterns, and biomass in the water column. These results improve the knowledge about the time scales that are linked to sea breeze circulation and support the development of water quality models of the coastal zone.




2. Materials and Methods


The study area (Figure 1) is located in the Northern Tyrrhenian Sea along the coastal stretch between Mount Argentario and Capo Linaro [42,43]. The survey location is located off the coast of Civitavecchia, a port town that is located to the north of Rome. The mainland includes the Tolfa Mountains, which reach a maximum height of about 600 m. Marine terraces and cliffs dominate the coastal morphology, with small rocky and gravelly beaches [44]. The submerged morphology features a submerged beach that is characterized by steep slopes (>2°) down to ~40 m depth [45].



The atmospheric circulation strongly influences the dynamics in the Tyrrhenian basin [40,46] which is affected by mesoscale and seasonal variability [38,39,41].



Current records that were collected by Elliot and de Strobel in 1978 [36] showed significantly weak current near the Civitavecchia coast, with an average speed of less than 10 cm∙s−1 and presenting a 2 to 5 day variability. The surface currents also showed a significant amount of variability at the 2–3 day timescale. The mean alongshore flow at Civitavecchia was directed northwestwards along the coast and the mean speed measured 1 cm∙s−1 with a standard deviation of 3–5 cm∙s−1.



The wind in the study area shows two prevailing directions over the year, respectively from South/East (110° N–140° N) and North/Northeast (0° N–60° N) [47]. Compared to other seasons, during summer, the cross-shelf events increase, resulting in weak wind speeds of around 2 to 5 m∙s−1. Summer season climatology favors a high frequency of breeze events [30,31,32,48] due to the air-sea thermal gradient. This gradient produces a daily wind rotation, i.e., the wind moves offshore during the night and onshore during the day (Figure 2a).



Wind speed and sea surface temperature are strongly correlated to each other at their peak in a 24 h period, obeying daily cycles that are off phase by 5 h [48]. Statistical significance in coherence was calculated with the Goodman formula using the same methods as Thompson [49].



Sampling Survey Design


During the summers from 2012 to 2016, high-resolution observations were conducted in the study area. Data were collected at fixed stations [50] and hydrographical in situ surveys were performed using three different measuring strategies. The experiment aimed at identifying the variations of both the coastal circulation and the water column in response to the 180° rotation in the wind direction. During the surveys, current field, sea-water temperature, conductivity, and fluorescence of chlorophyll a (FChla) were acquired. Temperature, salinity, and chlorophyll a could be used to track coastal and ocean dynamics [51,52,53,54,55], which influence the motions of phytoplankton as a result of the interaction of current, buoyancy-driven motion and the convergent and divergent flows that are associated with internal waves and fronts [21].



During the summer of 2012 (Transect survey—Supplementary Materials), the sampling plan (Figure 1, Figure 3a and Figure 4a) consisted of four evenly spaced stations (St. 1: ≈40 m; St. 2: ≈30 m; St. 3: ≈20 m; St. 4: ≈10 m), at which the time series were obtained with an interval of 20 min to study the FChla patch distribution in the coastal zone. During the same period, an oceanographic buoy that was placed near the stations acquired temperature, conductivity (salinity, density), and FChla on the sea-surface (1 m depth).



During the 2013–2015 survey (Fixed point survey—Supplementary Materials), the time series were performed at a depth of 40 m at station St1. This station was chosen due to its low degree of seabed influence on the mixing phenomena compared to the other stations.



During the summer of 2016 (Gridded survey), the sampling plan (Figure 8d,e) consisted of 24 evenly distributed stations, where CTD (small instrument package) profiles were acquired.



The surveys were conducted between the end of August and the beginning of September (Table 1) since both cross-shelf events are more recurrent (Figure 2a) and the land/sea temperature gradient is more intense (Figure 2b) with respect to the other summer months.



All samplings were carried out from a small boat (5 m rigid inflatable) starting in the early morning (typically around 6:00) and lasted between 2 to 8 h depending on the weather conditions. During the surveys, in addition to yo-yo time series, current surveys were performed. Current data were collected by mean ADCP (Acoustic Doppler Current Profiler) SonTeck (500 kHz, sampling interval of 20 s to 60 s, average interval 50% sampling, cell thickness 1 m) which was deployed on the sea surface and was moored on the boat.



The time series was obtained using a small instrument package (CTD). The CTD contained an Idronaut 316 Plus multiparametric probe and a SeaPoint fluorometer. The sampling rate of the CTD was 10 Hz and was done by allowing the instrument package to fall freely at an average descent rate of 1 m∙s−1.





3. Results


3.1. Transect Survey: Shows the Coast-Wide Gradient of the Fluorescence Patch and the Physical Characteristics of the Sea Water


During August 2012, FChla which was recorded by the oceanographic buoy showed a daily cycle (Figure 3a,b) that was characterized by a higher phase between 11:00 and 13:00 and a lower phase both in the early morning (between 4:00 and 6:00) and in the late afternoon (between 18:00 and 20:00). Spectral analysis of chlorophyll a highlights a peak at 24 h and a strong correlation between chlorophyll a and wind speed (Figure 3c).



During the surveys of 22 August 2012, the wind showed weak intensity and offshore direction during the night (Figure 4b,c). Land breeze blew for about seven hours, until 05:40 (starting at 22:20 on the previous day), turning progressively offshore from 5:30 and strengthening from 9:00. The wind Hodograph (Figure 4b) showed a clockwise rotation, typical of a breeze regime. The tide cycle (Figure 4c) had its minimum at 6:00 and raised to its maximum at 13:00 during which CTD measurements were performed.



At stations 1 and 2, a strong signal in FChla was detected (Figure 4d), which was subjected to an evident oscillation between 5 and 10 m depth that progressively diminished. A similar trend could be observed in the bottom layer exclusively at station 1, however to a lower extent than in the upper layer. Stations 3 and 4 do not show variability along the water column, however they show variations over time with a progressive decrease of fluorescence signal, especially in the surface layer. Concerning the water column thermal structure (Figure 4e), we measured a large thermal gradient at a 15 m depth of about 5 °C on the total gradient between the surface and bottom layer of 11 °C. During the survey, temperature increases in the surface layer, in the layer between 5 and 20 m depth oscillation occurs, and below 20 m depth temperature decreases. In stations 1 and 2, the 18 °C isotherms slope upward from the horizontal, sinking at about 5 m. This trend is evident in 17 °C isotherms only at station 2, while at station 1 it is parallel to the bottom. Along the water column, salinity (Figure 4f) generally shows a decrease of about 0.3 psu; over time, below 10 m depth, no changes emerge, while in the surface layer the salinity increases over time.



On 28 August 2012 the wind is offshore during the night, blowing for 9 h until 6:10, with a moderate intensity between 4 and 10 m∙s−1 (Figure 5b,c). The signal of FChla shows a decrease over time in the whole water column except for the bottom layer (Figure 5d). The decrease is more marked in the surface layer until 10 m depth. The gradient of FChla signal below 10 m depth is in agreement with the temperature trend which decreases by approximately 1 °C, whereas above 10 m depth, the water temperature is constant over time. The isotherms (Figure 5e) slope upward from the horizontal, especially in station 1 and 2. Station 3 presents a definite thermocline that is characterized by tight isotherms (roughly 23 °C to 26 °C). Above this layer, close to the bottom, the temperature decreases rapidly by about 2 °C. Concerning the salinity structure (Figure 5f) of station 1, the survey results show great variability in the surface layer (>10 m) where the salinity increases from 38.1 to 38.3 psu. The constantly largest salinity occurs between 5 and 15 m depth at stations 2 and 3 over time. Below 15 m, depth records show a uniform salinity structure without changes over time. Furthermore, only in the bottom layer (30–35 m) of stations 1 and 2, the salinity decreases to 38 psu.




3.2. Fixed Point Survey: Highlights Coastal Currents, Fluorescence Patch, and the Physical Characteristics of the Sea Water over Time


In Figure 6c,f,i,l,o, the results of ADCP surveys, performed between 2013 and 2015, are correlated to wind and tide, forcing us to better understand the dynamical process, emphasizing the cross-shore component dynamic of coastal circulation.



The results of the survey of 23 August 2013 (Figure 6b,c) show weak NE wind during the night (2–3 m∙s−1) which quickly reverses from 7:00 to S, progressively increasing its speed. This reflects on the cross-shore components of wind which are also first oriented seaward and then landward. In particular, the cross-shore component of wind strengthens during the day. During ADCP measurements, the tide is in the raising phase, and circulation shows a well evident turnover which involves the whole water column of cross-shore component being in agreement with the rotation of the wind. On the surface layer, the temperature has a value of 25 °C (Figure 6d). The water column’s thermal structure shows a strong stratification over 10 m depth, with the temperature decreasing gradually to 15.5 °C in the bottom layer.



The survey of 4 September, 2013 (Figure 6e,f) is characterized by offshore weak winds (<2 m∙s−1) that were subjected to progressive rotation and strength during the day. Cross-shore components of the wind are seaward oriented and reverse from 7:00. The tide (Figure 6f) raised during the day, reaching the maximum at 8:00. According to the landward flux of raising tide, cross-shore components of currents are uniform and landward oriented during sampling time. Water column thermal structure (Figure 6g and Figure 7e) shows a mixed layer until 20 m depth, with a temperature of about 25 °C. Between 20 and 22 m depth, a higher temperature gradient is observed, with temperature decreasing from 24 °C to 22 °C. Moreover, the isotherms in this layer present an oscillation, characterized by three different peaks (Figure 7e). Below this layer, close to the bottom, temperature decreases to 16 °C. Over time, an increase of 2.5 °C is observed until 25 m depth. This is characterized by sloping downward isotherms, with the 19 °C isotherm deepened from 28 m to 32 m. Close to the bottom temperature increase is about 0.5 °C. In regards to salinity structure (Figure 7i), the surface layer presents a lower value of about 37.9 psu, which subsequently shrinks up to 5 m depth. At a depth between 10 and 20 m, high salinity is observed, with values of about 38.2 psu. Below 20 m of depth, salinity has values of 38 psu, showing a sinking similar to what is seen in temperature (Figure 7e). In the deep layers, values of FChla are the highest (1.2 rfu), while in the surface layers, the values are less than 0.2 rfu. The fluorescence deep patch follows the isotherm arrangement, highlighting the sinking of water (Figure 7a). The mixed layer shows low values of FChla, which further decreases up to complete disappearance over time.



The meteorological conditions on 22 August 2014 (Figure 6h,i) are variable during the day, showing several changes in wind direction and a progressive increase of wind speed from 8:00. At first, the cross-shore component of the wind (Figure 6i) was seaward oriented, while from approximately 7:00, it turned landward, increasing its strength progressively. The tide cycle reached its maximum at 6:00 with minimum levels at 12:00, during which ADP measurements were done. The circulation is characterized by an evident turnover of cross-shore components of surface currents. This was not followed by changes in the bottom currents, which remain offshore oriented. The bottom currents seem to be driven by the effect of lowering tide, while at the surface, the turnover is in agreement with wind. The hydrographical conditions (Figure 6j and Figure 7f) show a stratified water column. This has a definite thermocline that is characterized by tight isotherms of roughly 19 to 25 °C centered near the 22 °C isotherm and a surface layer that is characterized by a temperature of 24.5 °C and a depth of about 20 m. In proximity to the thermocline, the isotherms present oscillations from the horizontal plane: at 9:00, the 24 °C isotherm is at 16 m of depth, two hours later it is at 21 m of depth, and at 12:00, it is at 18 m of depth. Below the 20 °C isotherm, the temperature gradually decreases to 16.5 °C close to the bottom. The 18 °C isotherm are sloping upward until 10:30 and then downward. On the bottom layer, it is possible to observe a thermal increase of about 0.5 °C.



The surface layer presents a salinity of about 37.7 psu up to 15 m of depth (Figure 7j). Below this, a layer of approximately 5 m thickness is observed, characterized by a higher salinity of about 38 psu. This layer has an oscillation that initially lifts up to 10 m depth (8:00) and later on sinks down to a depth of 20 m. Below this, another layer was identified with significantly lower salinity of about 37.2 psu which follows the oscillations of the layer above. At greater than 25 m depth, salinity down to the bottom presents homogeneous values of 37.7 psu; 37.7 isohaline shows the same trend of the 18 °C isotherm. FChla values in the surface layer were first about 0.5 rfu, and later showed a distinct decrease, with near-zero values (Figure 7b). On the thermocline, the FChla shows the same oscillation of isotherm. The layers below the thermocline have values ranging from 0.7 rfu to 1.1 rfu, with the latter being found in the bottom layer. At the 18 °C isotherm, the FChla decreases rapidly between 10:00 and 10:30.



During the survey on 3 September, 2014 (Figure 6k,l), the constant moderate wind from NE determined the all-day-long dominance of southward components of wind with a minor cross-shore component seaward-oriented. The ADP measurements (Figure 6l) were performed during the increasing phase of the tide and results show a landward orientation of cross-shore components of currents at the bottom, while at the surface, the cross-shore motion is seaward. Moderate intensity and constant wind direction constrain surface circulation seaward with a consequent landward flux at the bottom, in accordance to the typical dynamic of the upwelling condition [56]. Water column in Figure 6m shows low temperature (≈16 °C) that is atypical during the summer season. The water column is well mixed up to the bottom and the presence of a thermocline is not observed (Figure 7g). The distance between an isotherm and the other is greater than 10 m. The isotherm of 15 °C sinks to about 10 m with an initial depth of 25 m, which after about 3 h, lowers to 35 m. Salinity presents a variation between the surface and the bottom of 0.2 psu. On the surface, lower values of 37 psu are observed. The distribution of FChla along the water column (Figure 7c) presents extremely low values comprised between 0 and 0.1 rfu, with the largest values found in the deeper layers (1 rfu).



During the survey on 28 August 2015, the wind progressively increased together with a full rotation from NE to SW. This rotation corresponded to a turnover of cross-shore components, first seaward and then landward (Figure 6n,o). From 1:00 to 13:00 on 28 August 2015, a full tidal cycle was observed, with a sea level gradient of about 30 cm and the tide in lowering phase. The surface cross-shore components of the current was seaward during the whole sampling period without following the change in the direction of the wind. On 28 August 2015, the water column thermal structure (Figure 6p and Figure 7h) showed a mixed layer until 20 m depth, with a temperature of about 25 °C. Between 20 and 25 m of depth, an elevated thermal gradient of 6 °C was observed, characterized by tight isotherms of roughly 19 to 24 °C centered near the 22 °C isotherm. The isotherms present oscillations, noticeable between 06:30 and 9:30. Over 25 m depth, the temperature gradually decreases close to the bottom to 17 °C; 18 °C and 17 °C isotherms highlighted a shift of 5 m at 7:00. In Figure 7l, the mixed layer shows a salinity of about 38.3 psu. Below this, a layer of approximately 5 m thickness appears and is characterized by an elevated salinity gradient. The gradient ranges from 38.2 psu to 37.8 and presents the same oscillation observed in temperature (Figure 7h). Inside this layer, two areas that are characterized by a very lower salinity (37.1 psu) are observed, as it was seen on 22 August 2014 (Figure 7j). Over 25 m depth salinity presents homogeneous values of 37.8 psu. The mixed layer is also characterized by low values of FChla (Figure 7d). Over the thermocline, more elevated values are observed until 9:00. FChla shows a gradual increase, increasing from 0.6 rfu to 1.5 rfu in depth following the isotherm arrangement. After 09:00, the FChla disappears, with a subsequent increase up to 0.9 rfu until the 18 °C isotherm.




3.3. Gridded Survey: Shows the Fluorescence Patch and the Physical Characteristics of the Sea Water in a Large Area of the Study Domain


During the survey on 26 August 2016, the wind showed weak intensity and offshore direction during the night (Figure 8b). The land breeze had blown for about seven hours until 5:40 (started at 22:20 the day before), turning progressively offshore from 5:30 and strengthening from 9:00. The Wind Hodograph shows a clockwise rotation that is typical of a sea/land breeze regime. The tide cycle (Figure 8c) reached its minimum at 9:00 and reached the maximum at 16:00. During the survey, the wind had blown from 225° N and the tide was in the rising phase. The sea surface temperature that was recorded in WQMS (Water quality monitoring station) harbor (Figure 8a) highlights a rapid increase (>1 °C) between 9:00 and 11:00.



The near surface temperature that was recorded during the survey showed a coast-wide thermal gradient (Figure 8d). The four transect differ in the surface temperature and FChla distribution patterns (Figure 8e). In the northernmost transect, the 24.4 isotherm is between the 40 and 30 m isobaths, while in the southernmost, it is on the 10 m isobaths. The near surface FChla pattern presents the same characteristics that were observed in the temperature disposition, with the 0.5 chlorophyll a isoline disposition suggesting an advance in the distribution of the chlorophyll a patches towards the coast.





4. Discussion


General atmospheric conditions during the surveys were typical of the sea/land breeze regime, characterized by clockwise wind rotation, as observed clearly on the 22 August 2012. In the Mediterranean coastal area, there is a strong influence of sea/land breeze events during the year, especially in the summer season [30,31,32]. Previous findings highlighted a quick response of coastal surface currents to wind rotation [8,9] and an agreement between the direction of the wind and currents [14]. Furthermore, a complete observation of the water column dynamic during these events is missing from the literature. The complex terrains and the external forcing (e.g., cross-shore pressure gradient, sea surface temperature along and near the shore) play a role on sea/land breeze circulation [5,6,57]. These factors can modify the rotation of the wind, starting from its development from the ideal case [7]. An exception to the sea/land breeze condition is represented by the survey on 3 September, 2014, when the moderate northerly winds blow on the study area from the day before. This event caused a mixed water column with low temperature (≈16 °C). This is atypical during the summer season when the water column is stratified and the temperature is higher than 22 °C, suggesting the presence of an upwelling event [58]. Usually, the dynamic of the water column is characterized by a surface mixed layer with a thickness of 10 m and 20 m and an average temperature of 26 °C, a definite thermocline, which is characterized by tight isotherms and a stratified deep layer.



The phytoplankton patch has a general dynamic that follows the displacement of the isotherm and the higher concentration in the deep layer (>1 rfu), while in the mixed layer, the general low values of biomass quickly decrease during the first inversion of breeze circulation. The high concentration in the deep layer can be attributable to aggregated death cells that are residual of spring bloom which sink below the thermocline, remaining confined in the deep layer during summer [59,60]. These patches are probably diatoms that grow in low light, low temperature, and high nutrients, with the latter usually higher in the deep layer during the summer season. On 22 August 2012, a patch confined near the thermocline that follows the movement of the isotherm presented high values of FChla concentration (1 rfu), suggesting that the presence of dinoflagellates is favored during elevated irradiance and low nutrient conditions.



The current dynamic is coherent with the wind rotation, responding with a delay of a 4–5 h, which is in agreement with previous experiments [8,10,11,12,14]. This behavior is clearly evident on 23 August 2013 and on 22 August 2014, when the surface currents move offshore until 9:00 and then rotate in the opposite direction. The surface circulation is generally associated to a deep current that flows in the opposite direction (22 August 2014 and 28 August 2015). The role of microtidal excursion becomes important in the presence of weak winds. As shown in Figure 6c (23 August 2013), during comparable meteorological conditions, the increase of current speed is detected when the wind-driven landward flux correspond to raising tide. On the contrary, when the tide is opposite to the direction of the currents, the flow speed decreases (Figure 6i,f).



On the 22 and 28 August 2012, the survey measurements with the ADCP are not available; however, on these days, the wind was typical of the breeze condition that was observed in the other surveys. These results suggest that the current dynamics are similar in days in which the current meter data were performed and it is possible to identify current dynamics following the fluorescence patches movements.



On the 22 August 2012, the surface FChla patch that was observed in stations 1 and 2 decreased up to its disappearance, suggesting an offshore surface flow. Below a depth of 10 m, the decrease in temperature (isotherm sloping upward) and in FChla suggests an onshore transport that occurs with notable increases in FChla values and water temperature. Subsequently, a deep offshore transport, characterized by an increase of FChla concentrations in the deep layer, suggested a deep onshore flow similar to the behavior observed on 22 August 2014. These dynamics are not observed in stations 3 and 4.



On the 28 August 2012, the wind was stronger than on the 22nd of the same month, causing a faster response in water dynamics. Moreover, a decrease in FChla patches in the surface layer suggests an offshore surface flow. Below the thermocline, there was an evident decrease in temperature and FChla, suggesting a rapid onshore deep flow that was characterized by advection of FChla-poor water. Compared to 22 August 2012, this day highlighted fast and strong flows and, indeed, the FChla values decreased within approximately 2 h and the dynamic is observable at all stations.



This surface flow can also be deduced by observing the FChla time series that was recorded by oceanographic buoys. This series shows the higher phase during the hours when the solar radiation is higher. The described trend presupposes the absence of photolimitation processes and an increase in observed biomass. Based on this, it can be assumed that the observed biomass is passively transported from the current, tilting between the coast and the sea, justifying the high coherence between the wind and the chlorophyll.



As observed in Figure 8d,e, there is a progressive increase in surface temperature and FChla values towards the coast, showing the progress of the surface patches according to the wind direction. In addition, a rapid increase of the temperature series recorded in WQMS harbor was observed. This increase of about 1 °C, which takes place in just under 1 h, may be due to a warmer offshore water progressing to the coast rather than to the warming of the sea surface.



During the days of sea/land breeze, in proximity of the thermocline, the isotherm fluctuated as well the FChla signal. As observed elsewhere [21], these oscillations could be considered as internal gravity waves due to both tide and wind driven current, as well-stratified water columns support the formation of internal gravity waves. We hypothesize that the observed oscillations may be due to the surface and bottom current that flows in the opposite direction. Moreover, a cooling of the layers below the thermocline, with isopycnals sloping upward, suggested a colder water inlet [16].




5. Conclusions


The investigation performed by our laboratory revealed the great variability of the coastal system, which is forced by both tide and local winds. Local atmospheric circulation presents high instability in both speed and direction. Based on the observations made, we hypothesized sea/land breeze induced circulations. In the early morning, the land breeze blows, causing an offshore surface current which transports the near-surface plankton over the shelves. This generates, as a dynamic consequence, a deep onshore current to arise, which causes the bottom layer to sink. This sinking is caused by the pressure of the incoming overlying water flow which pushes the water below towards the bottom, causing it to sink.



During the day and in the presence of sea breeze, the surface current moves and transports the shallow phytoplankton patches near the coast. Below the thermocline, an onshore transport occurs with notable decreases in FChla values and an increase in water temperature (isopycnal sloping downward). Furthermore, our observations suggest that sea/land breeze-induced circulation, concurrently with the tide, in stratified water favors the formation of internal waves. This great variability affects current dynamics and water column structures, highlighting that physical processes in coastal water occur with high temporal and spatial variability, generating wind driven current and buoyancy-driven motions that influence the coastal phytoplankton patches.



The in-situ data provide valuable input for the modelling of coastal ecosystems, as well as the influence of the wind-driven dynamics on coastal systems in a wide range of spatial and time scales. Our surveys and analysis help to better understanding these coastal processes which are of great interest for environmental issues as well as for navigational purposes.
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Figure 1. (a) Map of the Tyrrhenian Sea with a part of the study area (in white). (b) Bathymetric map of the Northern Tyrrhenian east coast; the black polygon is the study area. (c) Topographic map of the coastal zone of Civitavecchia and the observatory system. (d) The location of the measurement stations. 
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Figure 2. (a) Density plot of the daily distribution of the wind direction (2008–2014); the density plot was calculated for each degree and N° Ev. represents the number of events for the degree. (b) Air-sea thermal gradient during the summer months (2012–2014); the temperature gradient was calculated by subtracting the air temperature values, which were recorded at the weather station, from the sea temperature values that were recorded at the Water Quality Monitoring Station (Figure 1d). 
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Figure 3. (a) Time-series of chlorophyll a between 2 August 2012 and 29 August 2012 recorded by oceanographic buoy (St. 1). (b) Power spectral density performed on chlorophyll a and (c) coherence between chlorophyll a and wind speed. 
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Figure 4. (a) Station location scheme along the transect survey. (b) Wind hodograph and (c) U (black line) and V (red line) wind components and tide (blue line) on the survey day. (d) Time series of chlorophyll a fluorescence, (e) temperature, and (f) salinity at all stations. 
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Figure 5. (a) Station location scheme along the transect survey. (b) Wind hodograph and (c) U (black line) and V (red line) wind components and tide (blue line) on the survey day. (d) Time series of chlorophyll a fluorescence, (e) temperature, and (f) salinity at all stations. 
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Figure 6. (a) Station location scheme along the coast. Wind hodograph (b,e,h,k,n) and (d,g,j,m,p) temperature profile along the water column. (c,d,f,i,l) U current component at 5 m (red line) and U current component at 30 m (red dots line), wind components (black arrows), and tide (blue line) for the survey days. 
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Figure 7. (a) Time series of Fluorescence of chlorophyll a (a–d) expressed in rfu (relative fluorescence units), Temperature (e–h), and Salinity (i–l) at station 1. 
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Figure 8. Sea surface temperature (a) at WQMS harbor, wind hodograph (b) and tide (c). Maps of surface Temperature (d) and Fluorescence of chlorophyll a (e) during the 26 August 2016 survey. 
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Table 1. Measurement strategies design using CTD (small instrument package contained an Idronaut 316 Plus multiparametric probe and a SeaPoint fluorometer) and ADCP (Acoustic Doppler Current Profiler) sampled parameters.
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Measurement Day

	
Measurement Time

	
Measurement Strategy

	
Sampled Parameter




	
CTD

	
ADCP






	
20 August 2012

	
06:00–08:00

	
Offshore transect (St. 1: 42.0827083N/11.7778383E; St. 2: 42.08385N/11.78378E; St. 3: 42.085011N/11.788541E; St. 4: 42.085766N/11.79377E)

	
X

	




	
22 August 2012

	
06:30–14:00

	
Offshore transect

	
X

	




	
24 August 2012

	
06:00–11:00

	
Offshore transect

	
X

	




	
28 August 2012

	
06:00–09:00

	
Offshore transect

	
X

	




	
23 August 2013

	
06:30–10:30

	
Moored at St. 1 (40 m isobath)

	
X

	
X




	
4 September 2013

	
06:00–11:00

	
Moored at St. 1 (40 m isobath)

	
X

	
X




	
22 August 2014

	
06:20–14:00

	
Moored at St. 1 (40 m isobath)

	
X

	
X




	
3 September 2014

	
10:40–14:00

	
Moored at St. 1 (40 m isobath)

	
X

	
X




	
28 August 2015

	
06:30–11:30

	
Moored at St. 1 (40 m isobath)

	
X

	
X




	
26 August 2016

	
09:30–12:30

	
Gridded survey (Figure 8d,e)

	
X

	












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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