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Abstract

:

The steep US Virgin Islands Shelf Break (VISB) and the Virgin Islands Trough (VIT) at the Northeastern Caribbean Sea comprise a dynamic region of the Atlantic Ocean. In situ oceanographic data collected in the region during April 2017 were used to examine the spatial variability in temperature, density, salinity, and relative Chlorophyll-a. Analysis of data from the upper 300 m of the water column, that include deep and shallow water stations in the shelf break region, shows strong stratification of the water column. Stations shallower than 800 m along the shelf break are more variable in temperature, density, and salinity than those that are deeper than 800 m along the trough. For shallow stations, the mixed layer depth deepens along-shelf from West to East while at the deep stations the opposite occurs. Salinity maxima exhibit more variability in depth and range of values in the shallow stations compared to deep stations. Six different types of water masses that contribute to the strong stratification in the region were identified in our study: Caribbean Surface Water, Subtropical Underwater, Sargasso Sea Water, Tropical Atlantic Central Water, Antarctic Intermediate Water, and North Atlantic Deep Water. The upper level Caribbean Surface Water, Subtropical Underwater, and Sargasso Sea Water are present in shallow stations, indicating potential meridional intrusions from the VIT to the VISB which may not be resolved by current ocean circulation models and are not captured in satellite data. The analysis presented here indicates that competing physical processes may be controlling the vertical structure of the water column in the region and merit further examination.
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1. Introduction


A long-standing challenge in ocean sciences, essential to assess and manage near-shore fisheries, is the understanding of the spatial structure and temporal variability of the coastal water masses. One of the key scientific challenges at the interface of coastal ocean dynamics and ecosystems pertains to quantifying the control exerted by shelf-slope exchange processes on the physical, chemical, and biological properties of continental shelves. For example, transport in the coastal ocean drives the exchange of larval fish populations and influences the population dynamics and genetic structure of marine species (White et al. [1] and Pineda et al. [2]). Driving mechanisms for shelf-slope exchange processes that influence biological activities can be external, such as processes driven by regional seasonal variation in the mean winds and distant river plumes moving into the area, or internal to the area of interest, such as those that generate fronts due to the interaction between local currents and tides with the changing bathymetry at the shelf break (see Palma et al. [3]). To investigate these processes we require high resolution measurements of physical properties such as temperature, salinity, density, as well as ocean circulation model outputs that describe the dynamics of coastal waters, all of which can potentially influence biological dynamics, see for example Baltazar-Soares et al. [4] and Smedile et al. [5].



Several studies have shown that the internal processes associated with the formation of shelf-break fronts in regions dominated by cyclonic flows (as well as anticyclonic ones) can generate shelf break upwelling of nutrient-rich waters to the surface (see Matano and Palma [6] and references therein). A study conducted by Linder et al. [7] showed that detachments of the bottom boundary layer in the Middle Atlantic Bight shelf break serves as a primary mechanism for pumping nutrient rich waters from the bottom towards the surface along isopycnal fronts and thus enhancing primary productivity within the frontal zone of the shelf break. Zhang and Gawarkiewicz [8] also showed enhanced biological productivity at shelf break fronts and how ocean circulation models can be employed to examine the seasonality of these mechanisms. In addition to these mechanisms, Rueda-Roa et al. [9] have shown that the seasonal strengthening of the wind curl serves as a primary mechanism for upwelling in the Southern Caribbean Sea.



The specific area of interest for the present study is the US Virgin Islands shelf break (VISB) between the islands of St. Thomas and St. Croix at the Eastern Caribbean Sea (Figure 1). The topography of that region is characterized by a relatively shallow (25 m) shelf that transitions into a highly steep gradient at its break towards the Virgin Islands Trough (VIT) (over 4000 m deep). Harlan et al. [10] showed that the surface flow around St. Croix is particularly complex. The constant easterly trade winds, mesoscale eddy activity, the Amazon and Orinoco river plumes, and the interactions between the shallow shelf and the deep VIT all combine to create a highly dynamic region of the Caribbean. A recent modeling study by Cherubin et al. [11] suggested that the timing of arrival and northward extent of the plumes from the Amazon and Orinoco rivers control the nature of the wake on both sides and ends of St. Croix. The angle of incidence of the incoming plume to St. Croix regulates the nature of the wake flow, resulting in a reversal from cyclonic to anticylonic flow with either attached or shed eddies. Such flow variability has the potential to control the manner in which offshore waters move onto the shelf break and beyond, therefore affecting the patterns of recruitment along the islands located between the islands of Vieques and Tortola. Additionally, Johns et al. [12] recorded the large 2009 Amazon River plume that intruded into the North Eastern Caribbean and noted that larval fish assemblages in the upper 100 m of the water column differed substantially from previous years’ observations. Furthermore, Quattrini et al. [13] showed that changes in water mass characteristics in the Northeastern Caribbean Sea result in species turnover at different depths associated with such water mass changes and conveys the importance exerted by water mass characteristics in controlling community structure in the region. The VISB is biologically unique because it includes two ecologically significant spawning aggregation areas 12 km South of St. Thomas: the Red Hind Conservation District and Grammanik Bank. Despite the importance of these Marine Protected Areas (MPAs), the exchanges of water masses between the VIT and these two spawning aggregation sites are to date poorly known [14].



The studies referenced above highlight the importance of using an integral approach that includes oceanic and biological dynamics in order to understand physical–biological interactions in the vicinity of shelf breaks. As a first step towards an integrated understanding of the physical ocean processes taking place at the VISB shelf front, the present analysis aims to describe, at a very fine spatial resolution, the spatial structure and variability of the water column at the VISB during April 2017, and to identify the water masses in the region. A description of the study area, data collection and methods is provided in Section 2. Results are described in Section 3 followed by a discussion in Section 4 and conclusions in Section 5.




2. Materials and Methods


In April 2017, we undertook a research expedition on board the National Oceanic and Atmospheric Administration (NOAA) Ship Nancy Foster and sampled the area of interest shown in Figure 1. A total of 106 in situ measurements made with Conductivity–Temperature–Depth (CTD) were taken within the region shown in Figure 1. For the present analysis, 35 CTD casts are used to examine data in the narrow region on each side of the shelf break to investigate exchanges between the VISB and the VIT. The CTD data were collected using a Sea-bird Scientific 9/11plus CTD system. The underwater unit (9plus) was installed on a rosette configured with a 24-bottle water sampler and instrumented with dual temperature, conductivity, and dissolved oxygen sensors. These Sea-bird sensors were factory calibrated just prior to the research cruise. The 9plus unit was also equipped with two WETLabs Environmental Characterization Optics fluorometers: one tuned to measure Chlorophyll-a (Chl-a) florescence, the second to measure Colored Dissolved Organic Matter fluorescence. Both fluorometers measure only raw voltages and served to provide relative concentrations. As such, we refer to the raw voltage data from the Chl-a fluorometer as relative Chl-a from here on. Following the cruise, the data set produced from the 9/11plus unit was post processed and quality controlled using a standard set of Sea-bird Scientific routines (“SBE Data Processing” suite, publicly available). Density profiles are calculated via the SBE Data processing suite from the measured temperature, conductivity and pressure.



The number for each station in Figure 1 corresponds to the sampling order during the campaign. Because our stations are a subset of a larger sampling cruise in the wider region, numbers missing in our stations list correspond to stations that are outside of our region of interest or to stations at which the CTD was deployed at the surface or in very shallow waters (15–30 m). Stations in the figure with more than two numbers correspond to the same geographical location where sampling took place twice at different dates. For example, Stations 29 and 30 where sampled to 300 m depth and 1 h apart. Stations 26 and 51 where sampled 2 days apart (04/17 and 04/19) at approximately the same time of day, 10:00 p.m. The time interval between stations depends primarily on the travel time between stations and the depth at which the CTD cast was completed in each station. The depth of the CTD cast in turn is dependent on the water depth at each station. We focused our analysis on profiles of temperature, density, salinity, and relative Chlorophyl-a, and classify data stations according to their water depth. The 800 m isobath in Figure 1b approximately delineates the center of the shelf break gradient and was used as the depth limit for the classification. Stations located in water depth <800 m are classified as shallow stations and those in water depth ≥800 m are classified as deep stations. Figure 1 shows station distribution and classification; shallow water stations are identified with black circles, and deep water stations with magenta circles. Additionally, the stations enclosed by the white box in Figure 1, with the exception of Station 42, were used to examine variations of the water column in the cross-shelf direction; this group is referred to as the North–South transect and includes both shallow and deep stations. The resulting groups (shallow, deep, and North–South transect) with their respective stations are shown in Table 1. For the North–South transect, we have chosen to exclude Stations 29 and 42, because they are sampled twice, and the remaining stations (82 through 86) are sampled consecutively one after the other, limiting time differences.



We first present illustrative profiles of the region to provide an overall description of the variability observed in the region. These profiles are examined for characteristic along and cross-shelf differences of all profiles. We follow with an examination of variations in the cross-shelf direction to observe changes along the North–South transect stations, from the VIT to the VISB. We then examine all profiles from shallow stations, color-coded according to their longitude, to inspect patterns and differences in the along-shelf direction. This examination is performed for the deep water stations as well. In addition, we compare variability between shallow and deep stations by examining the standard deviations of temperature, density, and salinity at each depth level for each group. We also calculated the ranges of temperature, density, and salinity at different depth intervals for both shallow and deep stations as further test of variability between the two groups. For the North–South transect, we examine the difference of each profile from the mean profile of the group. Finally, Temperature–Salinity (TS) diagrams to identify water mass types in the region are presented.



We note that shallow stations, as well as several deep stations, have CTD casts that only reach down to the first 300 m of the water column. Below that depth, differences among profiles from different stations were negligible and no variability with depth was observed in water characteristics. Consequently, and for the sake of uniformity, we limited the analysis to the first 300 m of the water column, except when drawing the TS diagrams.




3. Results


3.1. Defining Features of the Water Column


In order to highlight the variations among profiles, we selected the three shallow stations (Stations 60, 48, and 22; black line) and the three deep stations (Stations 61, 50, and 23; magenta line) shown in Figure 2. The data in Figure 2 show that a well defined mixed layer is representative of the waters in the region. Variations exist among profiles and this variability appears to characterize the water stratification in the region, irrespective of depth of water. Here, we define the depth of the mixed layer as the depth at which density changes by 0.1 kg/m3 or more of its surface value. The value is within the range of 0.01–0.125 kg/m3 used in several previous studies, see [15,16,17]. Figure 2 shows that the differences in the depth of the mixed layer of shallow stations as compared to deep stations are more pronounced than the differences within shallow and deep stations themselves. For example, using the density data of Figure 2b, the maximum difference between the depth of the mixed layer at Station 23 and that at Station 22 is 48 m. Stations 50 and 61, both deep, have a mixed layer depth difference of 10 m and stations 60 and 22, both shallow, have a mixed layer depth difference of 25 m. The temperature, density, and salinity of the mixed layer varies among profiles, although the variability in temperature is much less than that in density and salinity. For example, there is a 0.3 kg/m3 difference (12% of the density range) in the density of the mixed layer between Stations 60 and 48 (both shallow), a difference in the salinity of 0.25 Practical Salinity Units (PSU) (24.5% of the salinity range), while the difference of the temperature of the mixed layer is about 1/8 of a degree Celcius (1.25% of temperature range). Figure 2, in particular Figure 2a,b, also shows a prominent feature of the profiles as a marked step observed where the mixed layer transitions into the pycnocline followed by staircase-like variations in depth. Finally, Figure 2c shows that below the mixed layer, the salinity profiles are characterized by a belly-like shape with a salinity maximum ranging from approximately 120–140 m in depth.



We select representative pairs of profiles from Figure 2 to examine in detail the water structure between the shallow shelf and the deep trough. These representative pairs are Stations 60 and 61, Stations 48 and 50, and Stations 22 and 23 (as identified in Figure 1). We examine the differences in temperature and density within each pair and how these differences evolve in the along-shelf direction (West to East). Using the data in Figure 2a,b, we observe that for the shallow stations the mixed layer depth ranges from 40 m (Station 60) to 70 m (Station 22). This indicates a deepening of the mixed layer on the shallow part of the shelf as we move from West to East. For the deep stations, the mixed layer depth ranges from nearly 60 m (Station 61, West section of study area) to approximately 28 m (Station 23, East section of study area). Hence, in contrast with the observations at the shallow stations, the mixed layer for the deep stations becomes shallower from West to East. The data also show that the difference in the depth of the mixed layer between the stations in each pair increases from 20 m (Stations 60 and 61) to 45 m (Stations 22 and 23), as we move from West to East.



The salinity profiles of Figure 2c show that the salinity maximum occurs over the depth range of 115–145 m. At the deep stations, Stations 61, 50, and 23 (from West to East), the salinity maximum occurs within a difference range of 3 m, at an average depth of 138.4 m. For the shallow stations from West to East, the salinity maximum at Station 60 occurs at 133 m, at Station 48 occurs at 116 m, and at Station 22 the salinity maximum occurs at 120.7 m.



These values, summarized in Figure 3, indicate a variability in the depth of the salinity maximum not observed in the along-shelf direction in the deep stations. In addition, we note that the difference between shallow and deep stations to the West (Stations 60 and 61) is much lesser than the difference between shallow and deep stations as we move East.



It should be noted that the CTD casts pairs presented in this section were carried out within 3 consecutive days, each pair at approximately the same time of day. Casts for the pair made of Station 60 (shallow) and Station 61 (deep) were conducted 1.5 h apart. The same applies to the pairs made of Stations 48 and 50, and Stations 22 and 23. Although we strove to minimize time intervals between CTD casts, we recognize that these differences in times at which measurements where taken might result in a small contribution to the observed differences described above. These contributions were tested by calculating the differences between profiles measured during different days but at the same time of day ±3 h. The contributions to observed differences due to sampling time intervals are smaller than those due to spatial differences.




3.2. Comparison of Cross- and Along-Shelf Groups


In this section we focus on examining all data from stations grouped into the three categories previously described, shallow stations, deep stations, and North–South transect, shown in Figure 1. Our purpose here is to examine variability of water properties in the cross-shelf direction and in the along-shelf direction. For the cross-shelf direction we use the stations grouped in the North–South transect, which includes both shallow and deep stations.



Figure 4 shows the profiles of temperature, density, salinity and relative Chl-a for North–South stations, color-coded according to latitude as shown in the sidebar of the figure.



The figure shows that variations exist among profiles and that such differences characterize the water stratification in the region, irrespective of depth of water. The profiles in Figure 4b show that northernmost shallow stations (red) have a deeper mixed layer, reaching 70 m, than the southernmost and deep stations (white and blue profiles). Figure 4b,c show that southernmost stations (blue profiles corresponding to Stations 85 and 86) have fresher surface water of both low density and salinity down to 30 m depth. The mixed layer of these stations, 86 and 86, is shallower (around 30 m) than that of the northernmost profiles (near 60 m). Below the mixed layer of Stations 85 and 86, there is a steep salinity and density gradient indicative of strong stratification from 30 to 40 m depth. Below the strong gradient for both stations, Figure 4b,c, there is a near-homogeneous layer between 45 and 60 m with similar properties as the other stations. The steep gradient in Stations 85 and 86 could be characterized as a temporary halocline, that could result, for example, from riverine/land outflows and/or rain. The National Weather Service [18] reported a total of 172.72 mm of observed rain total during April 2017 for St. Croix, approximately 7 km south of Station 86, making a rain event a likely contributor to the strong stratification observed in the first 70 m in Figure 4b,c.



Figure 4d shows relative Chl-a concentration profiles, Chl-a is a proxy for biological productivity and is associated, among others, with river plumes. The profiles show relative concentrations in the 0.06 to 0.1 range. The profile distribution shows that relative Chl-a concentrations slightly increase towards the northernmost stations, which is also the shallowest (Station 82). The profile for Station 82 in Figure 4d also shows variability between 50 and 130 m, that is potentially associated with higher productivity over the shelf.



We calculated the mean profiles of temperature, density, and salinity for the stations in the North–South transect and calculated the difference of each profile from the mean. The differences where plotted in depth with the color representing the latitude of the station. Figure 5 shows the differences for density and salinity, temperature does not show any discernible patterns or additional information and is not shown. The differences in density (Figure 5a), and salinity (Figure 5b) show an almost identical pattern for the first 120 m of water depth, approximately. Such pattern is indicative of salinity driven density in this part of the water column. Below 120 m, the pattern becomes less discernible, indicating that density is now contributed to by both temperature and salinity. The negative differences in salinity in the 0–30 m depth range correspond to salinity values that are lower than mean values and the same observation holds for values of density, as shown in Figure 4. Lower salinity values near the surface can be the result of rain events, which in this area will affect water salinity but have very little effect on water temperature ([19]).



The profiles for all shallow water stations are shown in Figure 6, but their colors represent the longitude of the station as shown in the sidebar. Figure 6b shows differences in the mixed layer depth ranging from 40 m to 80 m, approximately. Below the mixed layer, the profiles in Figure 6 exhibit a wider spread in values, an indicator of increased variability among temperature, density, and salinity profiles. The increased variability is associated with the corresponding cline of temperature, density, and salinity.



Both, density and salinity, show similar distributions in the mixed layer values. Easternmost stations (red) have saltier and denser water than stations towards the West (blue), and that pattern is specially notable at the surface (red and blue profiles, Figure 6b,c). This suggests that differences in the mixed layer density are contributed to by salinity differences as shown in Figure 6c. The relative Chl-a profiles in shallow stations show a slight increase in relative Chl-a maxima as compared to the deep stations in the North–South transect. The shallow stations towards the center of the group (white and light red colors in Figure 6d) exhibit greater relative Chl-a maxima than the stations at either end of the group, an indicator of higher productivity between 100 and 120 m for the center stations.



Figure 7 shows temperature, density, salinity, and Chl-a for the deep water stations, color-coded by their longitude. The depth of the mixed layer for the deep stations ranges from 20 m (easternmost, Station 23) to 60 m (center and western stations). The variation of the mixed layer depth indicates a deepening of the mixed layer in the along-shelf direction from East to West as described in the previous subsection.



Similar to the westernmost shallow stations, the westernmost deep stations show lower salinity and density along the mixed layer, Figure 7b,c while the observable differences in temperature in this layer are comparatively small. This is another indication of the larger contribution of salinity to the density along the mixed layer and transition into the pycnocline. In contrast to the shallow stations shown in Figure 6, the spread of the profiles in Figure 7 indicates less variability between profiles. The relative Chl-a concentrations shown in Figure 7d are within the same range as the shallow stations, but the relative concentration maxima for deep stations have lower values. Furthermore, the largest maxima for the deep stations occur at the stations on both ends of the group (blue and red profiles) and not at the center as for the shallow stations.



We calculated the mean profiles of temperature, density, and salinity for the shallow stations, and proceeded similarly for the deep stations. The means, in our case, provide a metric to compare differences in the temperature, density, and salinity between shallow and deep stations. We then calculated the standard deviations from the mean temperature, density, and salinity at each depth level for shallow, and deep stations. The standard deviations from the mean profile of each group are plotted at each depth using error bars on top of the corresponding mean profiles, Figure 8. For visualization purposes, we have plotted the standard deviation error bars every 5 measurements. The standard deviations, in our case, provide a metric of how much profiles vary from their mean among shallow stations, and among deep stations.



Figure 8 shows that for the top 20–30 m, the standard deviations are similar for both shallow and deep stations. In the transition from the mixed layer depth into the pycnocline the standard deviations for shallow stations start increasing progressively. For the deep stations, the transition from the mixed layer into the pycnocline is characterized by a slight increase then decrease in standard deviations, Figure 8b. Figure 8 shows that below the mixed layer, the standard deviations for shallow stations are greater than the standard deviations for deep stations. These greater standard deviations are indicative of more variability among the shallow stations than the deep stations. Finally, the standard deviations after approximately 200 m start decreasing, indicating that below 300 m variability decreases and profiles become uniform in depth, Figure 8b.



We have also calculated the average range of temperature, density, and salinity for shallow and deep stations for the following depth intervals: 0–50 m, 51–100 m, 101–200 m, and 201–300 m. The calculated ranges are shown in Table 2. With the exception of the ranges of temperature, density, and salinity for 0–50 m depths, the ranges for shallow stations are greater than the ranges for deep stations. The greater ranges for shallow stations are further indication of more variability among the shallow group profiles as compared to the deep group profiles.




3.3. Water Mass Identification


The commonly accepted vertical stratification in the region is represented in the Virgin Islands Shelf Break and Trough as staircase-like features, as seen in the upper 300 m of the water column in our data and described in our analysis. Vertical stratification can be caused by different mechanisms including the intrusion of water masses of distinct origins at different depths. Quattrini et al. [13] identified the water masses in the region and their defining characteristics based on temperature and salinity data and following the water mass characteristics presented by [20,21,22,23,24,25,26]. The Temperature–Salinity (TS) diagrams they present specifically reveal the types of water masses reaching the region. These types of water masses are: Caribbean Surface Water (CSW), Subtropical Underwater (SUW), Sargasso Sea Water (SSW), Tropical Atlantic Central Water (TACW), Antarctic Intermediate Water (AAIW), and North Atlantic Deep Water (NADW). The existence of these different water masses in the region is an indicator of externally sourced contributions to local water column stratification in the VIT that can also affect stratification over the shelf. Using the temperature, salinity, and oxygen data from all sampled stations, we produced Temperature–Salinity diagrams shown in Figure 9. We employed the approximate ranges of depth, temperature and salinity presented by [13] to identify the water masses in our data. These water masses contribute to the unique features of the vertical structure of the water column at the VISB and VIT.



Figure 9a shows that CSW with low salinity dominates the upper part, and is followed vertically by SUW. In the Subtropics, where evaporation exceeds precipitation, surface water becomes more saline and sinks to a neutral buoyancy level forming SUW. Further down, salinity starts decreasing as the column transitions from SUW to SSW. The transitions from low surface salinity (CSW) into a salinity maximum (SUW) back to lower salinity (SSW) causes the characteristic belly-like shape in the salinity profiles of the region which we have noted before (Figure 4c, Figure 6c, and Figure 7c). SSW is followed by a low oxygen TACW mass after which a salinity minimum is reached between 700–1000 m (Figure 9b where a water mass of AAIW is found. A deep salinity maximum characteristic of upper NADW follows AAIW. The water masses shown in our data are in good agreement with those presented by Quattrini et al. [13]. The approximate ranges of the water mass characteristics are provided in Table 3. In addition to the depth, temperature and salinity ranges obtained from [13] to identify the water masses, we have provided the approximate range of oxygen and the approximate density interfaces of the water masses that serve to further characterize them.



Figure 9b shows the TS diagrams with depth. This TS diagram shows that CSW, SUW, and SSW are present at stations located in water depth <300 m. This presence may indicate that intrusion of waters take place between the VIT and VISB, likely redefining the structure of the water column in the shallow region. The diagram also confirms the presence of strong stratification in the upper 300 m as observed in the previous sections. Below 300 m, the TS curves run more parallel to the isopycnals, indicating weaker stratification.





4. Discussion


We began the analysis presented here by looking at defining features and general structure of different profiles. Variability is characterized by differences in the mixed layer depth as well as staircase style profiles (Figure 2). The vertical variability causing the staircase style profiles is an indication of strong stratification of the water column. The TS diagrams from all stations confirm vigorous stratification in the upper 300 m of the water column.



A close inspection of characteristic profiles, shallow (<800 m depth) and deep (>800 m depth), shows more variability in the mixed layer depth and salinity maxima among shallow stations as compared to deep stations. Remarkably, we showed that the mixed layer deepens in the along-shelf direction towards the East among shallow stations while in deep stations the mixed layer deepens towards the West. Although attributing these changes to specific mechanisms is out of the scope of this study, a simple hypothesis is that there is a difference in wind stress in the VISB as compared to the VIT. An alternate hypothesis is that there is a difference in water flow regimes over the VISB compared to the VIT. Preliminary analysis of hull-mounted Acoustic Doppler Current Profiler data (not shown) indicates that the flow across the VIT during sampling was predominantly from East to West, in agreement with the prevailing flow of the region, and relatively uniform in its direction along the first 100 m of depth. Near the shelf break though, this flow uniformity is lost, possibly due to interactions with the fast changing bathymetry, and this interaction may contribute to the along-shelf variations of the mixed layer and characteristics of the water column between shallow and deep stations. Additionally, based on the discussions presented by Chapman and Lentz [28], Matano and Palma [6] and references therein, the interaction between the flow and the bathymetry merits further examination. Such examination would be essential to assess physical–biological interactions in the region.



Examining the North–South transect, the deeper stations in the group have a shallower mixed layer (15 m to 35 m deep as compared to 75 m) and fresher surface water than the shallower stations in the group, Figure 4b,c. Such differences may be due to rain events in the vicinity of the deeper stations, and is supported by rain data collected in the island of St. Croix (7 km south of Station 86) during April 2017. Below the mixed layer, differences in salinity and density become negligible and the vertical profiles uniform. The effect of rainfall on temperature profiles is minimal since in these regions raindrop temperatures are not significantly different from environmental temperatures ([19]).



Although relative Chl-a concentrations remained low during the sampling period, deeper stations have slightly lower concentrations than shallower stations (Figure 4d, Figure 6d, and Figure 7d). The ranges of CTD-obtained relative Chl-a concentrations were validated against satellite derived data using the Goddard Earth Sciences Data and Information Services Center GIOVANNI tool [29]. The data covers the period from 30th March to 9th May 2017, which coincides with the period of cruise sampling. The satellite derived Chl-a concentration data is in the range of 0.0 to 0.16 mg/m3, which represents one order of magnitude less than the Chl-a concentrations in the previously mentioned 2009 Amazon River plume discussed by Johns et al. [12]. Similarly to what our in situ data indicated, the satellite image in Figure 10 also reveals low Chl-a concentrations in the region of the deeper stations and increasing concentrations towards the region of shallower stations. This pattern is clearly illustrated in the area of the satellite-derived Chl-a map where the shelf break is closely outlined by a steep Chl-a gradient: Chl-a concentration reaches a minimum of 0.06 mg/m in the far field between St. Croix and St. Thomas; increases from 0.06 mg/m to 0.11 mg/m from the far field to the 250 m isobath; increases from 0.11 mg/m in the 250 m isobath to 0.16 mg/m in the 40 m isobath; and remains at 0.16 mg/m in shallow waters in between 30 m and 40 m. Noteworthy, a portion of the shelf waters can be considered optically shallow (<30 m) and are potentially affected by the bottom albedo effect causing overestimates of Chl-a over these waters. Nevertheless, there is still a high Chl-a gradient which starts away from the shelf at a depth of 250–300 m. Considering the location of the 30 m isobath respect to the extent and location of the gradient of Chl-a, Figure 10 still indicates increased Chl-a concentrations towards the shelf. Therefore, our relative Chl-a data, and that shown in Figure 10, are indicative of productivity over the shelf one order of magnitude higher compared to the trough.



Regarding variability between shallow and deep stations, the deep stations show certain uniformity that the shallow stations lack. This is shown by the wider spread in profiles, compare Figure 6a and Figure 7a for example, and supported by the standard deviations shown in Figure 8. In general, the standard deviations of shallow stations are greater than the standard deviations of the deep stations and thus indicate larger variability. Near 200 m, the standard deviations for both shallow and deep stations, start decreasing. The decrease in standard deviations indicates that variability decreases with depth. This was an important feature for deciding to evaluate just the upper 300 m of the water column (see Section 2). In addition, we examined the ranges of temperature, density, and salinity at different depth intervals and found that below 50 m depth, shallow stations exhibited larger ranges than the deep stations. The difference in ranges of the temperature, density, and salinity profiles provide further evidence that the shallow stations exhibit more variability than the deep stations. We hypothesize that one of the reasons for the differences in the vertical structure between shallow and deep stations is that the shallow stations provide more efficient and faster vertical mixing which allows for quicker adjustment of the water column. Therefore, the features of the water column can vary faster among shallow stations as compared to deep stations. The differences and variability between shallow and deep stations can also be contributed to by other mechanisms such as those discussed in the introduction, including but not limited to, internal waves and/or wind forcing [3,9].



We finalized our analysis by looking at T-S diagrams that include data from all stations. With the water mass characteristics compiled by Quattrini et al. [13], we were able to identify 6 water masses in the region: CSW, SUW, SSW, TACW, AAIW, and NADW. The presence of these masses is an indicator of external contributions to the strong local stratification in the region. The TS diagram in Figure 9b shows that the shallow VISB is dominated by CSW, SUW, and SSW, implying possible intrusions of waters from the VIT to the VISB that can take place for at least the top 300 m of the water column.



Corredor and Morell [20] show that Caribbean Surface Water to the South of Puerto Rico exhibits variability throughout the year mainly influenced by riverine outflows. Nevertheless, our region is not affected by significant riverine outflows from the surrounding islands, and the dominant East to West flow would transport any riverine outflows from Puerto Rico away from our region (the exception being the occasional intrusions of Amazon/Orinoco river plumes). Additionally, the temperature and salinity data presented by Quattrini et al. [13] was taken during October 2013 and shows the same range of data values as our April 2017 data set. These findings suggest that variations of the vertical structure of the water column below the Caribbean Surface Water mass may not be significant throughout the year, and the spatial pattern we present here are consistent year long. Thus, the larger variability over shallow stations as compared to deep stations, and the strong stratification observed in our data are likely representative of the general structure of the water column throughout the year. The occurrence of occasional phenomena such as Amazon/Orinoco river plumes and storms would force additional variability that can redefine the vertical structure for a short period of time. An extensive sampling project in combination with satellite remote sensing would provide the appropriate information to look at variations in the near-surface water structure at seasonal to year time-scales.



Johns et al. [30] discuss a potential seasonal component to the total Atlantic inflow into the Caribbean that could serve as an additional driver of variability and stratification in the region. The high resolution sampling we have presented, captures the inflow of Atlantic waters into the Caribbean and the strong variability in the vertical structure of the water column in the shelf and trough of the Virgin Islands. Quattrini et al. [13] showed that the presence of these water masses results in distinct vertical variation of fish communities in the Northeastern Caribbean Sea. How such potential seasonal cycle of the total inflow affects the strong stratification that drives distinct vertical variation of fish communities remains to be understood. How internal and external mechanisms for shelf-slope exchange processes that influence biological productivity, such as those discussed by [3,6,7,9,10,11,12,20,28,30] can be applied to the region, and potentially drive physical–biological interactions, merits further examination. Here we have presented a first high resolution examination of physical properties measurements in the region that are necessary to examine such processes.




5. Conclusions


The analysis we present here describes the vertical structure and identifies the water masses present at the VISB and VIT. Our work provides further evidence supporting several previous works addressing physical dynamics in the region. These physical dynamics may have biological implications for the region. Here we offer the very first step to examine possible local and external physical mechanisms at the shelf break and shed light to better understand the physical–biological interactions in the region. Our main conclusions are:

	
Differences exist in temperature, density, and salinity of the mixed layer among stations within the same group. For shallow stations the depth of the mixed layer is more variable and becomes shallower to the East. The opposite occurs for the deep stations.



	
The transition between the mixed layer and the pycnocline in both shallow and deep stations is characterized by a marked step followed by staircase-like profiles, indicating strong stratification of the water column.



	
Variations in temperature, density, salinity, and chlorophyll-a exist among shallow and deep stations but variability is higher in shallow stations as shown by comparing standard deviations between shallow and deep stations.



	
The strong vertical stratification that characterizes the vertical structure of the water column in the region is a result, in part, of six water mass types present in the Northeastern Caribbean sea: Caribbean Surface Water, Subtropical Underwater, Sargasso Sea Water, Tropical Atlantic Central Water, Antarctic Intermediate Water, and North Atlantic Deep Water.



	
CSW, SUW, and SSW water mass types dominate the first 500 m of the water, which indicates that intrusions of these water masses onto the VISB may potentially occur.








The present work lays solid foundations to enable future companion sampling surveys, a connectivity study, and a modeling effort. A companion future cruise would increase the timeline and groundtruthing of our description. The framework presented here would be expanded to examine surface connectivity by using ocean drifter data and satellite remote sensing to further understand the dynamics between the VISB and VIT. A broader description of observations in the region will then be employed in hand with an ocean model to propose specific mechanisms for the observed water structure characteristics, and to explore physical–biological interactions.
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Figure 1. (a) Map of the area, with red box showing the study region enlarged in panel b and yellow diagonal line indicating the approximate location of the shelf break. (b) Bathymetry contours limited to 2000 m for the study area obtained from National Oceanic and Atmospheric Administration (NOAA) National Geophysical Data Center Coastal Relief Model and locations of Conductivity–Temperature–Depth (CTD) casts (identified by their chronological number during the sampling); shallow (black dots) and deep (magenta dots). Three main transects are used in the analysis: along-shelf shallow transect of stations along the shelf break (black dots), along-shelf deep transect of stations just after the shelf break (magenta dots along the shelf break), and stations along the North–South transect in the cross-shelf direction enclosed by the white rectangular box. 
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Figure 2. Characteristic profiles of: (a) temperature, (b) density, and (c) salinity. Black profiles correspond to shallow stations and magenta profiles to deep stations. 






Figure 2. Characteristic profiles of: (a) temperature, (b) density, and (c) salinity. Black profiles correspond to shallow stations and magenta profiles to deep stations.



[image: Jmse 07 00074 g002]







[image: Jmse 07 00074 g003 550]





Figure 3. Depth of Salinity maxima for Stations 60, 48, and 22 (shallow), and 61, 50, 23 (deep). 
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Figure 4. (a) Temperature, (b) density, (c) salinity, and (d) relative Chlorophyll-a (Chl-a) profiles for North–South transect stations. Color represents the location of each profile by latitude. 
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Figure 5. (a) Difference from mean density profile of North–South transect stations, and (b) Difference from mean salinity profile of North–South transect stations. 
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Figure 6. (a) Temperature, (b) density, (c) salinity, and (d) relative Chl-a profiles for shallow stations. Color represents their location by longitude. 
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Figure 7. (a) Temperature, (b) density, (c) salinity, and (d) relative Chl-a profiles for deep stations. Color represents their location by longitude. 
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Figure 8. Standard deviations for shallow and deep station profiles: (a) Temperature, (b) Density, and (c) Salinity. 
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Figure 9. Temperature–Salinity diagrams from all sampled stations and different water masses in the region: Caribbean Surface Water (CSW), Subtropical Underwater (SUW), Sargasso Sea Water (SSW), Tropical Atlantic Central Water (TACW), Antarctic Intermediate Water (AAIW), and North Atlantic Deep Water (NADW). Colors represent (a) dissolved oxygen [mg/L] and (b) depth [m]. TS diagrams were generated using Ocean Data View [27]. 
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Figure 10. Satellite derived Chl-a concentrations from 30 March to 9 May 2017. Data obtained from the NASA GES DISC GIOVANNI tool [29]. 
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Table 1. Station classification.
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	Group
	Stations





	Shallow
	22, 26, 29, 30, 32, 34, 48, 51, 55, 60, 69, 70, 71, 73, 74, 75, 77, 79, 80, 82



	Deep
	23, 25, 42, 43, 44, 45, 49, 50, 56, 57, 61, 83



	North–South
	82, 83, 84, 85, 86
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Table 2. Ranges of temperature, density, and salinity for shallow and deep stations averaged by depth intervals.
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Range of

	
Range of

	
Range of




	
Group

	
Temperature

	
Density

	
Salinity




	

	
[∘C]

	
[kg/m3]

	
[PSU]

	






	
Shallow (0–50 m)

	
0.25

	
0.22

	
0.2




	
Deep (0–50 m)

	
0.33

	
0.23

	
0.17




	
Shallow (51–100 m)

	
1.03

	
0.54

	
0.30




	
Deep (51–100 m)

	
0.40

	
0.24

	
0.18




	
Shallow (101–200 m)

	
2.02

	
0.55

	
0.25




	
Deep (101–200 m)

	
0.84

	
0.25

	
0.11




	
Shallow (201–300 m)

	
1.23

	
0.16

	
0.20




	
Deep (201–300 m)

	
0.97

	
0.12

	
0.16
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Table 3. Water masses and approximate range of their defining characteristics.
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Water Mass

	
Depth Range

	
Temp. Range

	
Sal. Range

	
Oxygen Range

	
Dens. Interface




	

	
[m]

	
[∘C]

	
[PSU]

	
[mg/L]

	






	
CSW

	
0–100

	
>24

	
36.2–37

	
>5.5

	
>25




	
SUW

	
100–200

	
20–25

	
>37

	
>5.5

	
25–26




	
SSW

	
200–400

	
14–20

	
36–37

	
4.7–5.5

	
26–27




	
TACW

	
400–750

	
8–14

	
35.3–36

	
4–4.7

	
26–28




	
AAIW

	
750–1000

	
5–8

	
34.7–35.3

	
3.8–4

	
27–28




	
NADW

	
>1000

	
<6

	
34.7–35

	
>4

	
>27
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