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Abstract

:

The spatial and temporal variability of phytoplankton blooms was investigated in two tropical coastal regions of northern Australia using the MEdium Resolution Imaging Spectrometer (MERIS) full mission (2002–2012) reduced resolution dataset. Satellite-derived proxies for phytoplankton (Chlorophyll-a (Chl), Fluorescence Line Height (FLH), Maximum Chlorophyll Index (MCI)) and suspended sediment (Total Suspended Matter (TSM)) were jointly analyzed for two clusters of the Great Barrier Reef Wet tropics (GBRW; 15°–19.5°S; Queensland) and the Van Diemen Gulf (VDG; 9°–13°S; Northern Territory). The analysis of time-series and Hovmöller diagrams of the four MERIS products provided a unique perspective on the processes linking phytoplankton blooms and river runoff, or resuspension, across spatio-temporal scales. Both regions are characterized by a complex oceanography and seasonal inflows of sediment, freshwater and nutrients during the tropical wet season months (November to April). The GBRW is characterized by a great variability in water clarity (Secchi depth 0–25 m). A long history of agricultural land use has led to a large increase in the seasonal discharge of sediments and nutrients, triggering seasonal phytoplankton blooms (>0.4 mg·m−3) between January and April. In contrast, the VDG is a poorly flushed, turbid (Secchi depth <5 m) environment with strong tidal-energy (4–8 m) and very limited land use. Phytoplankton blooms here were found to have higher Chl concentrations (>1.0 mg·m−3) than in the GBRW, occurring up to twice a year between January and April. Over the 10-year MERIS mission, a weak decline in Chl and TSM was observed for the VDG (Sen slope: −2.85%/decade, τ = −0.32 and −3.57%/decade, τ = −0.24; p ≪ 0.05), while no significant trend in those two satellite products was observed in the GBRW. Cyanobacteria surface algal blooms occur in both regions between August and October. The MCI and FLH products were found to adequately complement Chl, while TSM provided relevant insight for the assessment of sediment resuspension and river runoff.
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1. Introduction


Spatial and temporal mapping of phytoplankton blooms has been undertaken in many parts of the world’s oceans, with a major emphasis on temperate coastal and oceanic waters where an annual spring bloom occurs [1,2]. Yet phytoplankton dynamics in tropical marine systems remains largely understudied. To address this knowledge gap, this study investigated the spatio-temporal distribution of phytoplankton blooms by means of satellite proxies in the context of the tropical waters of the Northern Great Barrier Reef (GBR, North Queensland) and the Van Diemen Gulf (VDG, Northern Territory), Australia. The coastal regions studied are Cairns (15.1°–19.5°S), located in the Great Barrier Reef Wet tropics (later referred as GBRW), and the VDG (9°–13°S). Both study regions are intricate, bio-diverse coastal ecosystems with a complex oceanography [3,4].



Due to intensified anthropogenic pressures and potential climate change [5], tropical ecosystems are at risk worldwide [6]. The GBR is at the forefront of this situation [7], with watershed-based pollution from adjacent agricultural land use [8,9] and thermal stress affecting its coral ecosystem [10]. The GBRW has small (~2000 km2), wet tropical river catchments. Seasonal river runoff from the Herbert, Johnstone, Tully and Daintree rivers (Figure 1a) carry pollutants, total suspended matter (TSM∼10 g·m−3; [11]) and elevated nutrient concentrations [9,12] into the lagoonal waters. In contrast, the continental shelf of the Northern Territory is one of the most pristine coastal environments worldwide [13]. Its waters are highly productive [14], particularly when compared to the GBR. The VDG is a macro-tidal coastal system characterized by high concentrations of TSM (∼20–50 g·m−3) throughout the year. The rivers’ hydrological regime of the two study regions is dictated by the seasonal rainfall distribution. Both regions receive similar annual rainfall (∼2000 mm·yr−1; monthly climate statistics (1941–2010) from the Bureau of Meteorology (BOM), Australian Government), generally from January to April for the GBRW and from December to March for the VDG. The river stream discharges and their patterns vary considerably within seasons. The land cover in the GBRW catchment is mainly of wet tropical rainforest and cleared land where the major land use is agriculture (sugarcane, dairy, beef grazing) [3,8]. Catchments of varying sizes surround the VDG and they comprise five major river systems: the West, South (10,000 km2) and East Alligator, the Mary (8000 km2) and the Adelaide rivers (638 km2) (Figure 1b). The land use of those river catchments is primarily for conservation and low intensity farming activities.



Since the launch of CZCS in the late seventies, satellite-derived Chlorophyll (Chl) has been used for several decades as the primary proxy for phytoplankton biomass. Due to the limited number of spectral bands, satellite products were derived from empirical spectral band ratios. The reliability of the satellite retrievals is questionable when dealing with coastal waters where other optically active substances, such as suspended sediment and organic matter, affect the reflectance spectrum [15]. The MEdium Resolution Imaging Spectrometer (MERIS), from the second generation of ocean color sensors, offers a much larger number of spectral bands, thus allowing various water quality products to be derived for both coastal and open ocean waters [16–22]. The combined analysis of multiple satellite products for the study of phytoplankton blooms allows for a more accurate description of the event and its causative environmental factors [23–26]. MERIS has provided satellite ocean color imagery between April 2002 and April 2012, and with 15 spectral bands this sensor is well suited for water quality monitoring in coastal waters [27]. For this study, four MERIS products, namely Chlorophyll (Chl) and Fluorescence Line Height (FLH), Maximum Chlorophyll Index (MCI) and Total Suspended Matter (TSM), were chosen as indicators of phytoplankton biomass, phytoplankton surface expressions and river discharges (or bottom resuspension) to assess phytoplankton bloom dynamics in the waters of the GBRW and the VDG (Figures 1 and 2). This study aims at demonstrating that the combined analysis of four ocean color products over the full mission of a single sensor can be used to unravel the dynamics of phytoplankton in a coastal region. Specifically, the objectives of this research are to qualitatively analyze the temporal and spatial patterns of phytoplankton blooms in selected clusters of the GBRW and the VDG.




2. Data and Methods


2.1. Ocean Color Dataset and Algorithms


Scenes (3rd reprocessing; N = 1980; April 2002–April 2012) from the entire MERIS mission covering the VDG and GBRW were obtained from the Optical Data Processor of the European Space Agency (ODESA), supplied by ACRI-ST [28]. The two study regions are located in the Wet tropics where high levels of sun-glint and cloud cover are known to occur [29]. At latitudes 9–13°S (VDG) cloud cover is at its maximum early in the monsoon (December–February), contaminating up to 60% of the pixels (based on daily scenes). Similar results were found for GBRW (15–19.5°S). Monthly composites were computed for all the ocean color products to maximize the spatial and temporal coverage.



Detection of surface phytoplankton blooms was undertaken using the three MERIS products: FLH [30], MCI [31] and Chl [32]. A fourth ocean color product, TSM, was used as a proxy for river discharges and bottom resuspension. All MERIS ocean color products were computed from Level 1 with BEAM 4.10.3 [33]. Level 2 TSM and case 2 water Chl (algal 2) products were computed from Level 1 using the Free University Berlin (FUB) Water processor. The FUB Water processor retrieves the concentrations from a 1-step inversion neural network directly from top-of-atmosphere (TOA) radiance spectra [34]. Quality flags were applied to both Level 1 (MCI, FLH) and Level 2 (Chl, TSM) data. Additionally, Level 1 pixels with radiance >15 mW·m−2·sr−1·nm−1 at band 13 that were not already flagged by Level 1 quality flags were eliminated [31].



In situ Chl concentrations were available for the GBR, and FUB Chl was found to perform reasonably well (N = 12; RMS Error = 38% (log); time diff. in situ-overpass = 30′) from a previous validation exercise [35]. However, the same validation showed that FUB TSM tended to underestimate in situ data (N = 8; RMS Error = 110% (log); time diff. in situ-overpass = 30′) and a larger dataset would be required to perform this validation adequately. Due to the remoteness of the VDG, the lack of in situ data did not allow for any validation of the MERIS products to be performed. Therefore this study will solely reflect the qualitative use of the MERIS products rather than their quantitative estimates. The FLH and MCI are two MERIS phytoplankton bloom proxies that use three MERIS spectral bands from the red and near-infrared [26]. FLH measures the radiance of the phytoplankton chlorophyll fluorescence peak at 681 nm above a baseline formed by linear interpolation between 665 and 709 nm. MCI, however, uses 709 nm as the response band above a linear baseline between 681 and 753 nm. MCI detects either an isolated peak at 709 nm, indicating Chl > 30 mg·m3 in near-surface water, or a red edge indicating a surface slick. The MCI is used here as an index for phytoplankton blooms with surface expressions formed by senescent cyanobacterium Trichodesmium sp. (Figure 2c). Both indices have been successfully used to measure near-surface phytoplankton biomass in coastal and freshwater environments [36–39]. FLH and MCI were computed from Level 1b TOA satellite data (therefore geolocated, but not atmospherically corrected). Although other applications exist for MERIS MCI [40], it has been shown to perform well for mapping phytoplankton blooms with surface expressions [35] however this index alone is not sufficient to confirm the phytoplankton genus. MERIS FLH is mostly suited for low-concentration (Chl < 5 mg·m−3) phytoplankton blooms. FLH can also be used for the detection of phytoplankton in sediment-dominated waters [38] when TSM < 1 g·m−3 (Jim Gower, Fisheries and Oceans Canada, pers. com.). Monthly positive MCI or FLH counts (the number of times a pixel has a value of MCI (or FLH) > 0 over the course of a month) were also used to quantify algal bloom statistics.




2.2. Regional Characteristics


The latitudes of the wet-dry tropics are characterized by a limited amount of runoff most of the year (dry season), followed by a period of extensive flooding (wet season) as a result of heavy monsoonal rainfall [41]. Two-thirds of the yearly rainfall occurs during the wet season months. This substantial seasonal change in rainfall, which is accompanied by an increase in sediment delivery from land-to-coast runoff, has a direct effect on the coastal environment. The length of the wet season may vary depending on the location and the year. Lasting from five to six months per year, the most intense rainfall usually occurs over a period of up to four months. For the GBR, the dry season months extend from May to November, and the wet season spreads from December to April. For the VDG, however, the dry season months are from May to September, and the wet season from November to March. The months of April and October are considered transitional months [42].



The GBR is the world’s biggest single structure made by living organisms that is visible from space. It is also the only large-tide dominated reef in the world. In the GBRW, tides are of moderate amplitude (∼4 m) and their associated flows have little contribution to the water transport in this GBR region [43]. With a shallow bathymetry (30–50 m) and the reef matrix being located <25 km from shore, the water composition is largely influenced by the land use in the nearby catchments [44]. Soil erosion from extensive land use has led to increased delivery of suspended sediment and organic matter into the GBR lagoonal waters [3]. The majority (>70%) of the suspended sediment, organic matter and nutrients exported from freshwater river-runoff into the GBR lagoon originates from the southern GBR (dry tropics), primarily from the Fitzroy and Burdekin rivers, and only 2% comes from wet tropical catchments [3,45]. The coastal waters of Northern Australia have amongst the largest tidal range for a coastline facing an open ocean. The VDG consists of an expansive, shallow (<20 m) and well-mixed bay. It is a macro-tidal environment that is both oceanographically [4] and optically complex. The Alligator Rivers (i.e., West, South and East) are directly connected to the VDG (Figure 1b) but their freshwater flows are reported to be only substantial during three to four months per year [46]. TSM can exceed 1000 g·m−3 in the rivers [46], decreasing to 500 g·m−3 at the river mouths and 50 g·m−3 in the center of VDG (David K. Williams, Australian Institute of Marine Science, pers.com.).



The VDG and GBRW have similar phytoplankton composition [14], with a predominance of nano- and picophytoplankton [47]. Phytoplankton growth in the oligotrophic waters (0.1 < Chl < 1 mg·m−3) of the GBR is primarily limited by nutrient availability [48,49] and therefore phytoplankton blooms usually occur following river discharges or tropical storm events [11]. The near shore lagoonal waters of the GBR typically have a Chl concentration of ∼0.2–0.4 mg·m−3 [44,50]. During the wet season, GBRW has been shown to exhibit a cross- shelf gradient in phytoplankton, with diatoms found in the mouth and estuarine waters of the Mossman-Daintree rivers and low-to-moderate (0.2–0.6 mg·m−3) biomass of pico-phytoplankton found in the deep lagoon [51,52] (Figure 1a; Figure 2). Phytoplankton blooms with surface signatures commonly occur in Australian tropical waters. This is particularly the case for the naturally occurring cyanobacterium Trichodesmium sp. that can be found along the whole east coast of Australia, and more prominently in Queensland (Figure 2), but also in the Northern Territory and north-western Australian coast [53–55].




2.3. Statistics


Coastal water concentrations of Chl, TSM and other constituents are known for their non-uniform, cross-shelf distributions [56]. To explore qualitatively the change in phytoplankton dynamics occurring in the two study regions, it was necessary to first partition each region into biogeochemical clusters characterized with similar Chl magnitudes over a multi-annual time scale [57]. A K-means clustering was computed under ENVI® from 12 multi-annual, monthly Chl median maps of the two study sites. A maximum of 5 classes and 10 iterations was allowed, with a change threshold of 5%. A post-processing classification of the clustering results was performed using a Majority Analysis to reallocate isolated or spurious pixels to the class belonging to the majority of the pixels comprised within a 3 × 3 kernel. For this study, only one cluster was selected for each region. The reef matrix was masked out to exclude reef features from the analysis of the GBRW (Figure 2c). A mask was also designed for the VDG to only select the portion of the selected cluster that is between 130°–132.75°S, extending up to the Cobourg Peninsula (Figure 1b).



To display and help interpret the changes occurring over time and/or space in the GBRW and VDG waters, tile-plots (colored month-by-year matrices of anomalies) and Hovmöller diagrams (latitude-/longitude-time plots) were subsequently computed for the two selected clusters. Tile-plots provide information in regards to changes in trends and magnitude over time, whereas Hovmöller diagrams give a synoptic view of the spatio-temporal variability of each MERIS product. The Jassby and Cloern water quality package for R [58,59] was used for the computation of boxplots and tile-plots analysis. Tile-plots were used as a statistical tool to detect temporal changes in monthly time-series of the selected MERIS products. Monthly median values were computed for each of the clusters and products. Four bins of log-anomalies (the anomalies are dimensionless and are calculated with respect to the overall mean month) with corresponding colors allow for a visual representation of the temporal variability of a specific MERIS product over the entire mission, both in terms of magnitude and trend. For the Hovmöller diagrams, a monthly median value across each latitude bin (e.g., GBRW), or longitude bin (e.g., VDG) was computed for each cluster. The proportion of non-masked pixels was taken into account in this computation. Only four MERIS images were available for the month of April 2002, therefore this particular month was suppressed from the time-series analysis displayed in the tile-plots, but kept for the Hovmöller diagrams. Trends were assessed using the seasonal Kendall test [60]. The Kendall’s tau (τ) statistics were computed as a non-parametric measure of goodness-of-fit and the statistical significance of the trend was assessed by the p-values. For this study, a p-value < 0.05 indicates statistical significance.





3. Results


3.1. Data Availability and Chl Variability in the Study Regions


Two processing levels of satellite data were used. As a result the number of satellite observations does vary between the MERIS products because different quality flags were applied. Figure 3 shows the satellite data observations available over the entire MERIS mission for the two regions, based on monthly Chl composites. The pixel availability in the time series was ∼80%–90% for the two regions. A comparison of weather statistics over a 70-year period reveals that both regions have an identical mean annual number of cloudy days (N = 134/year; BOM).



The coefficient of variation (CV) was used to assess the relative spatial distribution of Chl during the entire MERIS mission for the two regions (Figure 4). Overall, a higher variability (CV > 1.0) in Chl is observed in the GBRW but it is mainly constrained to the coastal band south of 17°S. A CV < 0.8 delineates the transition from the coastal to the oligotrophic waters near the reef matrix, and is also observed closer to shore between 15–17°S. The center of the VDG is characterized by 0.5 < CV < 1.0 although much larger variability in Chl (CV > 1) can be observed south-west of Darwin.




3.2. Cluster Analysis


The five classes resulting from the K-means clustering analysis performed for the two regions are shown in Figure 5. The clusters selected for this study are the midshelf waters of the GBRW (Figure 5a) and the central VDG (Figure 5b). The other clusters have not been considered but their delineation is shown. The choice of the two selected clusters is based on their size, their location and the variability in Chl (Figure 4). For the GBRW the clustering analysis helped separate inshore waters from the oligotrophic lagoonal waters. The selected cluster for the GBRW is representative of the midshelf waters, a transition zone between the coastal waters and the oligotrophic lagoon. It is homogeneous both in size and shape over the entire region. This is also where the greatest variation in Chl occurs (Figure 5a). For the VDG, the selected cluster is assumed to be representative of the central Gulf conditions, but it is varying in size across the region. From the south-west of Darwin to the eastern tip of Melville Island (130–131.5°E; Figure 1) the VDG cluster is thin, therefore a lower number of pixels (<20%) is used for the computation of the statistics. For the remainder of the cluster up to the Cobourg Peninsula (131.5–132.75°E), the largest portion (∼80%) is located within the Gulf. The difference in the cluster’s size and shape south-west of Darwin is related to the intrusion of the Timor Sea and the small size of the nearby Adelaide River catchment (∼131°E). By comparison, the high quantity of material discharged from the Alligator Rivers is trapped in the near shore waters due to sand banks, thus favoring a cluster with a larger size in the center of the Gulf.




3.3. Time-Series


Boxplots of Chl and TSM concentrations for the VDG and GBRW clusters are shown in Figure 6. Overall, the VDG exhibits much higher Chl and TSM concentrations in comparison to the GBRW. The effect of seasonality can be seen for both products. The Chl peak occurs during March to April in the GBRW, and from May to June in the VDG. TSM peaks in May to June in the GBRW and shows a general increase between April and July. TSM peaks early during the dry season (June) in the VDG. Tile plots were computed for each product for the GBRW (Figures 7 and 10) and the VDG (Figures 11 and 14).



Overall, the seasonal variation in Chl and TSM in the tile-plots reflects that of the boxplots. In the GBRW, the magnitudes in Chl (Figure 7) between January and April have increased since 2007, while TSM shows less variability. Less substantial Chl anomalies also occur outside those months in October 2006, June–July 2010 and September–October 2011.



Outside the seasonal increase between April–July, TSM anomalies (Figure 9) occurred in February 2007, and September–October 2011 consistent with Chl. The seasonality in FLH (Figure 8) occurs between October–April in the GBRW, contrasting with the VDG maximum being reached between May and August. For the GBRW, MCI increases from May to September and peaks between July–August. However there is an overall decrease in MCI magnitude observed from 2006 onwards (Figure 10).



From 2007, a distinct change in magnitude in Chl (Figure 11) and TSM (Figure 13) can be observed for the VDG. Both Chl (Sen slope = −2.85%/decade, τ = −0.32, p < 0.01) and TSM (Sen slope = −3.57%/decade, τ = −0.24, p < 0.01) were found to have a weak decreasing trend in the VDG, while trend statistics were found not to be significant for the same products in the GBRW. FLH (Figure 12) showed a uniform pattern of increasing signal between May and August, while MCI (Figure 14) showed changes around October with an isolated event in August 2008. Seasonal patterns displayed by FLH (Figure 12) are similar overall across the entire mission.




3.4. Hovmöller Diagrams


The spatio-temporal history of Chl, FLH, TSM and MCI is presented in Figures 15 and 18 for the midshelf waters of the GBRW and in Figures 19 and 22 for the VDG. Overall, a regular seasonal pattern can be seen in all diagrams, though with differences depending on the satellite product.



For the GBRW, the history of Chl (Figure 15) shows a seasonal increase in March–April from 0.04 to >0.40 mg·m−3. The increased frequency of land-to-coast water runoff after the start of the wet season in December in the GBRW generates a progressive build-up of nutrients in the near-shore waters between January–March. Spatially, the Chl seasonality displayed in the Hovmöller reflects that of the tile-plots. An increase in Chl over the years can be observed, mostly between 15–17.5°S. This increase in Chl seasonality tends to extend towards 19°S after 2007. The FLH (Figure 16) displays regular seasonal patterns that match those of Chl, albeit with greater increases outside of the seasonal peaks. A seasonal increase in FLH (∼0.1–1 mW·m−2·sr−1·nm−1) occurs regularly between October and April (wet season), and peaks between January and March (as per Chl). Spatially, FLH patterns in the Hovmöller also reflect the distribution of Chl. Temporally, as per Chl, FLH tends to increase over the years. TSM (Figure 17) displays mild changes (up to ∼2 g·m−3) for most years between 16.5–18°S.



High values of TSM were observed at 18.0–19.1°S during the 2007, 2009, 2011 and 2012 wet seasons. The MCI (Figure 18) displays a seasonal increase in counts (>10) between the months of July and October. Most of the surface expressions from phytoplankton blooms occur south of Cairns (17.6°–19°S) (Figure 2; Figure 10; Figure 18), although sporadic surface bloom events may also take place further north.



Surface phytoplankton blooms may occur between April and July, but do so rarely (counts < 5). The surface bloom on 30 July 2008, shown in Figure 2, can also be observed in Figure 18 at the latitudes 18.6–19.1°S.



In the VDG, higher Chl (Figure 19) is observed primarily south-west of Darwin (130.25°) and near the Adelaide (131°E) and Alligator (131.5–132.5°E) rivers. The Chl signal increases in intensity (Chl > 1.25 mg·m−3) between October and November for the waters close to Darwin, around January for waters near the Adelaide River, and between April and July for the Alligator rivers. For the remainder of the year, Chl shows occasional increases (Chl∼1.0 mg·m−3) around January during episodic events.



FLH (Figure 20) displays more complex patterns than those of Chl for the VDG. An increase in FLH (>1 mW·m−2·sr−1·nm−1) is observed between January and April for most of the VDG, but a much stronger seasonal signal occurs between April and July (as per the corresponding tile-plots) mainly near the Alligator Rivers (131.5–132.5°E). Episodic increases in FLH also occur mostly between September and October. Increase in TSM (Figure 21) is generally constrained to the dry season (May–September).



As per the tile-plot, a decrease in the intensity of the seasonal TSM signal can also be observed from 2006 onwards, which is visible in the Hovmöller (Figure 21) for the Gulf section only. The western part of the VDG displays less variability in Chl and TSM, though the MCI (Figure 14; Figure 22) does show a seasonal increase around October and its magnitude tends to change between years. The MCI signal was the most prominent in August 2008 (Figure 14) in the center of the VDG, and appears to occur irregularly south-west of Darwin (Figure 22). The narrow section between the Timor Sea and the Van Diemen Gulf shows a minimum in TSM and regular MCI counts for the most western part of the Gulf across the entire time-series.





4. Discussion


4.1. Spatio-Temporal Phytoplankton Dynamics in the GBR Wet Tropics


For the GBRW, the reef matrix is very close to shore (<25 km), which implies that the selected cluster for this study (Figure 5) may be impacted by river runoff much faster that in the southern GBR, where the reef matrix is further off-shore (up to 250 km) [41,61]. The midshelf waters therefore benefit from more frequent freshwater discharges from the adjacent rivers. Terrestrial nutrient inputs generate a higher productivity and a higher frequency of bloom occurrences when contrasted with the oligotrophic lagoon. The seasonal cycle of Chl in this cluster is characterized by a maximum between January and April (Figure 7; Figure 15), a decrease between May and July, and a low from June to December. This seasonal decrease in Chl is associated with the peak in TSM concentrations (Figure 9) around May [62,63]. The influence of inflows from the Coral Sea into the reef matrix also needs to be considered as a factor favoring the seasonal maximum early in the year, in particular for the northern GBRW (15.0–16.5°S; Figure 5) where the reef matrix is even closer to shore [64]. Estimates of flushing times in the central and northern GBR have demonstrated that the location and magnitude of water fluxes was influenced by the spatial variability of the complex bathymetry, as well as the density of the reef matrix. Across-shelf oceanic inflow from the Coral Sea can reach 6 × 105 m3·s−1 [64,65], bringing in nutrients that distribute rapidly across the shelf. The FLH (Figure 16), with patterns similar to that of Chl (Figure 15), provides further indication of the presence of increased phytoplankton biomass early in the wet season (October–December) and also early in the dry (May–June) (Figure 8; Figure 16) within TSM-dominated waters [66]. The increase of TSM between 2007 and 2012 (Figure 9; Figure 17) coincides with the Burdekin flood [67] and strong La Niňa conditions which triggered above-average rainfall and tropical cyclones [44]. The wet seasons of the years 2007, 2009, 2011–2012 were also associated with higher Chl (Figure 15; Figure 7) as a result of an enhanced nutrient supply from the ecological disturbance caused by tropical cyclones Hamish (March 2009) and Yasi (February 2011) and other increased river discharges. Tropical cyclones occurring on the east coast of Australia are often confined to the northern GBR, but the north-to-south track of cyclone Hamish was unusual because it followed the whole reef matrix, impacting other regions further south. Large parts of north and central Queensland received above average rainfall, with the heaviest on record (BOM) being centered near the Johnstone and Tully (>800 mm) and Herbert (>200mm) rivers (17–19°S) (Figure 1a). A stronger signal in TSM can be seen at those latitudes for those years (Figure 17). Recent studies have reported disturbances created by tropical cyclones on marine ecosystems which led to an increase in biogeochemical concentrations [68,69] and noticeable changes in composition and biomass of phytoplankton communities [70,71].



From the monthly MCI climatologies (Figure 10; Figure 18), surface blooms occur during the dry season between May and September in the GBRW. The annual cycle of surface phytoplankton blooms, as derived from MCI, characterizes blooms that are most likely not composed of Chl, such as those of Trichodesmium sp. The combined use of MCI, Chl, and FLH allows for the discrimination of two different bloom types. It is also likely that pixels contaminated by surface algal bloom slicks lead to an algorithm failure of the Level 2 Chl processing. The near-infrared spectral signatures of these pixels, showing a red-edge, were not included in the neural network training for Chl. Phytoplankton blooms with surface expressions in the GBRW usually peak between July and August (Figure 10) but only at specific latitudes (Figure 18) within the region. The timing of those surface blooms is anti-correlated with FLH (Figure 2; Figure 8; Figure 10). The lack of fluorescence during cyanobacteria blooms could be explained by the absence of fluorescence yield. Photosynthesis is carried out by two photosystems that are very similar among plants, PS1 and PS2, but the principal light-harvesting complex in cyanobacteria is predominantly in the non-fluorescing PS1, with PS2 accounting for relatively little of the Chl molecules [72].




4.2. Spatio-Temporal Phytoplankton Dynamics in the Van Diemen Gulf


In the Australian-Indonesian region, the Arafura Sea (Figure 1) is characterized by a strong transition in sea-surface temperature and ocean surface winds between seasons [42,73]. Cooler sea-surface temperatures (25∼26 °C) characterize the dry season months (May–September) and are associated with south-easterly winds that push the VDG waters towards the Arafura Sea. In addition, the shallow depths and oceanographic intricacies [4] of the region add to the complexity of the VDG when compared to GBRW. As a result, the various satellite products used in the VDG show mostly semi-annual spatial patterns (Figure 11; Figure 19). Chl increases between May and July (dry season) for the center of the VDG (131.25–132.5°E) (Figure 6; Figure 11; Figure 19), while the western portion of the region (130–131.5°E) usually shows a seasonal cycle between October–January (wet season). The seasonal variability in the ocean color products in the center of the VDG, occurring mainly around June, is in accordance with previous studies [42]. Three of the ocean color products (Chl, FLH and TSM) display a pronounced decrease in intensity after 2005. FLH only replicates parts of the Chl patterns. A much stronger FLH signal is observed between April and July in the center of the Gulf, but also around January for the entire region, and for all years (Figure 12; Figure 20). While there is comparatively little river discharge during the dry season months, other physical forces, such as winds and tidal energy, are likely to play a major role in the recycling of nutrients in the VDG, thus triggering a phytoplankton response during those months. It is also possible that the TSM signal occurring most of the year in the center of the VDG is related to both sediment discharges during the wet season and sediment resuspension from south-easterly winds during the dry season. Wind-driven resuspension occurs between May and November because winds are usually at their strongest during this period. MCI counts for the VDG are rather low (∼10) and sporadically distributed across the region. They predominantly occur around October in the center of the Gulf. This is in accordance with the results found for the GBRW. The distribution and occurrence of Trichodesmium sp. is strongly influenced by several factors, including surface water temperature and water column stability, as well as salinity and iron availability [74,75]. Trichodesmium sp. optimum growth rate occurs at a temperature of 25 °C, at salinity of >30 PSU and mainly during stable water column conditions, that may follow a period of mixing. The dynamic coastal environment of the VDG may not favor the growth of Trichodesmium. Water column mixing, for instance, might hinder its development, thus the small number of occurrences reported in the diagrams analyzed.





5. Conclusions


Continental shelves of the world’s oceans play important ecological functions as they are the buffer between the land and the open ocean [76]. The ever-increasing anthropogenic pressures on coastal environments have multiple impacts, some of which are yet to be quantified. The monitoring of phytoplankton blooms is considered a direct proxy for coastal ecosystem health, thus there is an important need to monitor them worldwide [77]. The objective of this study was to qualitatively analyze spatio-temporal patterns of phytoplankton blooms in two bio-diverse, understudied tropical coastal regions of Northern Australia. The analysis made use of four MERIS products (TSM, Chl, FLH, MCI) and a 10-year dataset (April 2002–2012). The coastal waters of the GBRW (Cairns) and the VDG were found to be contrasting in their Chl and TSM concentrations. The distinction is mainly due to the differences in regional land use in the river catchments as well as the complex oceanography, which ultimately impact on the dynamics of regional phytoplankton blooms. In the GBRW, phytoplankton blooms increase early in the wet season (between January and April), mostly south of Cairns, as a response to terrestrial runoff. In the VDG Chl maxima are observed during both wet and dry seasons—nearby Darwin from October to January, and in the center of the Gulf from April to July. Those occurrences are driven by seasonal runoff, as well as wind and tidal energy which recycle nutrients during the dry season months. The magnitude of those events has increased since 2007 in the GBRW due to more pronounced monsoonal conditions, but the Chl increase was not found to be statistically significant. In contrast, the significant decrease in both Chl and TSM in the VDG over the MERIS mission remains unexplained.



MCI and FLH are useful indicators of algal blooms. Surface algal blooms, detected using MCI, were found to occur in both regions (predominantly between August and October). A decrease in the magnitude of those events tends to characterize the GBRW, whilst in the VDG the overall number of occurrences of those surface blooms was lower. The large tides and the strong Easterly winds that blow during the dry season do not contribute to stable water column conditions, which may account for a limited occurrence of Trichodesmium sp. in the VDG. Finer spatial resolution ocean color sensors may allow the mapping of smaller scale bloom events that remain undetected with the MERIS 1 km resolution imagery used in this study. Also, the use of FLH may be preferred to assess the Chlorophyll content during surface bloom events, because their near-infrared signatures (red-edge) often lead to Level 2 Chl algorithm failures.



In situ measurements of apparent and inherent optical properties—along with field observations of surface bloom occurrences in the VDG—are required to evaluate the performance of ocean color products in this optically complex region. When applied to other tropical coastal regions, future application of the method should incorporate satellite derived sea surface temperature fields from AATSR and should account for tidal effects in the magnitude of the ocean color products.
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Figure 1. Maps showing the two tropical study regions. (a) The Great Barrier Reef (Wet tropics), Queensland. Hinchinbrook Island is shown as “HI”; (b) the Van Diemen Gulf, Northern Territory. The main rivers are indicated in italic and light grey. Isobaths (−10, −50, −100 m) are shown. 
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Figure 2. MEdium Resolution Imaging Spectrometer (MERIS) scene of 30 July 2008 for the Great Barrier Reef Wet tropics (GBRW), illustrating the potential of multiple MERIS products for algal blooms monitoring. A surface bloom occurs near Hinchinbrook Isl. (18.5°S; black star in (a)). The four MERIS products used for this study are shown. (a) RGB BEAM Tristimulus; (b) a band stretched image with MERIS bands 10, 7, 5; (c) Maximum Chlorophyll Index (MCI); (d) Fluorescence Line Height (FLH); (e) Free University Berlin (FUB) Chlorophyll-a (Chl) (algal 2) and (f) FUB Total Suspended Matter (TSM). The land (c–f) and Reef Matrix (c only) are masked in black. 
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Figure 3. Satellite data observations for (a) the Great Barrier Reef Wet tropics (GBRW) and (b) the Van Diemen Gulf (VDG) over the MERIS mission (April 2002–April 2012). The number of available pixels was computed from monthly composites (N = 133). 
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Figure 4. Variability in Chl for (a) the GBRW and (b) the VDG. The coefficient of variation (CV) was computed from monthly composites. 






Figure 4. Variability in Chl for (a) the GBRW and (b) the VDG. The coefficient of variation (CV) was computed from monthly composites.



[image: Remotesensing 06 02963f4]







[image: Remotesensing 06 02963f5 1024] 





Figure 5. K-means Chl clustering results for (a) the GBRW and (b) the VDG. Each cluster class (N = 5) is shown by a different color. The clusters selected for this study are shown in blue. 
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Figure 6. Boxplots of monthly Chl and TSM for the GBRW (a,c) and VDG (b,d) clusters based on the MERIS 10-year dataset. The boundary of the box indicates the 25th and 75th percentiles, the line within the box indicates the median, the whiskers above and below the box indicate the 90th and 10th percentiles, and the dots outside the box are outlying values. 
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Figure 7. Tile-plot of Chl for the GBRW cluster (log-anomalies). 
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Figure 8. Tile-plot of FLH counts for the GBRW cluster (log-anomalies). 
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Figure 9. Tile-plot of TSM for the GBRW cluster (log-anomalies). 
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Figure 10. Tile-plot of MCI counts for the GBRW cluster (log-anomalies). 
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Figure 11. Tile-plot of Chl for the VDG cluster (log-anomalies). 
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Figure 12. Tile-plot of FLH counts for the VDG cluster (log-anomalies). 
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Figure 13. Tile-plot of TSM for the VDG cluster (log-anomalies). 
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Figure 14. Tile-plot of MCI counts for the VDG cluster (log-anomalies). 
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Figure 15. Latitude-time plot of Chl for the GBRW cluster. 
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Figure 16. Latitude-time plot of FLH for the GBRW cluster. 
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Figure 17. Latitude-time plot of TSM for the GBRW cluster. 
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Figure 18. Latitude-time plot of MCI counts for the GBRW cluster. The surface bloom event of 30 July 2008 (Figure 2) can be seen (18.6–19.1°S). 
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Figure 19. Longitude-time plot of Chl for the VDG cluster. 
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Figure 20. Longitude-time plot of FLH for the VDG cluster. 
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Figure 21. Longitude-time plot of TSM for the VDG cluster. 
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Figure 22. Longitude-time plot of MCI counts for the VDG cluster. 
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