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Abstract

:

The use of ocean colour classification algorithms, linked to water quality gradients, can be a useful tool for mapping river plumes in both tropical and temperate systems. This approach has been applied in operational water quality programs in the Great Barrier Reef to map river plumes and assess trends in marine water composition and ecosystem health during flood periods. In this study, we used the Forel–Ule colour classification algorithm for Sentinel-3 OLCI imagery in an automated process to map monthly, annual and long-term plume movement in the temperate coastal system of Liverpool Bay (UK). We compared monthly river plume extent to the river flow and in situ water quality data between 2017–2020. The results showed a strong positive correlation (Spearman’s rho = 0.68) between the river plume extent and the river flow and a strong link between the FUI defined waterbodies and nutrients, SPM, turbidity and salinity, hence the potential of the Forel–Ule index to act as a proxy for water quality in the temperate Liverpool Bay water. The paper discusses how the Forel–Ule index could be used in operational water quality programs to better understand river plumes and the land-based inputs to the coastal zones in UK waters, drawing parallels with methods that have been developed in the GBR and Citclops project. Overall, this paper provides the first insight into the systematic long-term river plume mapping in UK coastal waters using a fast, cost-effective, and reproducible workflow. The study created a novel water assessment typology based on the common physical, chemical and biological ocean colour properties captured in the Forel–Ule index, which could replace the more traditional eutrophication assessment regions centred around strict geographic and political boundaries. Additionally, the Forel–Ule assessment typology is particularly important since it identifies areas of the greatest impact from the land-based loads into the marine environment, and thus potential risks to vulnerable ecosystems.
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1. Introduction


Traditionally, water quality assessments have been conducted within a set of geographical or political boundaries that do not necessarily reflect ecological processes. These geographical constraints can prevent assessments from being made across a river to coast continuum [1,2]. In the United Kingdom (UK), the coastal and marine environmental status is determined within geographically defined regions (typologies) under several European Directives, such as the Water Framework Directive (WFD), OSPAR Common Procedure and UK Marine Strategy [3,4]. However, a new approach defining the water quality assessments recently emerged, which can better reflect the physical, chemical and biological processes present in the water. This approach involved mapping river plumes using satellite derived particulate matter (SPM) and in situ salinity [2]. Although this method can provide assessments across ecologically homogeneous areas, defining river plumes seasonally and on a relatively high resolution in the coastal areas is needed to assess the water quality conditions across estuarine and intertidal habitats.



Using the colour of the ocean retrieved by optical satellite imageries to determine the water condition and map river plumes has been an emerging method that can be applied worldwide using the ocean colour multispectral satellite products on a low to medium spatial resolution [5,6,7,8,9]. This has been particularly relevant in the tropical waters of the Great Barrier Reef (GBR), where the use of ocean colour satellite products to map river flood plumes is a key part of the GBR marine monitoring program, and is reported on an annual basis for wet season monitoring [10,11,12]. Historically, the monitoring of the river plumes across the GBR has been conducted using Moderate Resolution Imaging Spectroradiometer (MODIS) ocean colour satellite data and based on a supervised classification into three optical waterbodies, namely Primary, Secondary and Tertiary wet season water types. The Primary water type is associated with low salinity from river discharge and plume waters but can also reflect re-suspended sediment from wind and tides. The Secondary water type is often associated with relatively less turbid water and is typically found in the open coastal and outer flood plume waters of the GBR. Tertiary waters are found in the mid-shelf and offshore waters of the GBR and have a low risk of detrimental ecological effects. The frequency of the wet season optical water types were used in a risk assessment to define habitats likely exposed to land-based pollutants and integrated in an operational framework to assess trends in marine water composition and ecosystem health during flood periods [13]. Recently, the GBR plume mapping has been tested on the Sentinel-3 OLCI satellite data, linking the original plume waterbody classes to the Forel–Ule Index (FUI) [11]. This method is now used operationally in the GBR Marine Monitoring Program (MMP) [14].



The Forel–Ule (FU) colour scale was developed at the end of the 18th century by Forel [15] and Ule [16] to visually identify optical water types using a scale consisting of 21 colour classes, ranging from indigo blue to cola brown. The Forel–Ule Index (FUI) was then derived from the FU scale in the chromaticity diagram using X, Y, Z tristimulus values in the 1930s [17], which correspond to the red (X), green (Y) and blue (Z) in the visible range of the light spectrum [18], and this created the basis of the latest FUI algorithms [6,7,19,20]. As a part of the European EC-FP7 Citclops project (Citizens’ Observatory for Coast and Ocean Optical, URL: http://www.citclops.eu/home, accessed on 1 April 2020), a consistent and objective classification algorithm of natural water into the FUI was developed, using remote sensing reflectance (Rrs) or water leaving radiance of the ocean colour [6,19,21]. The algorithm was incorporated into the European Space Agency (ESA) open-source SNAP software (hereafter, FUI satellite toolbox). The FUI satellite toolbox currently takes five satellite products as input data (SeaWIFs, CZCS [6], MERIS [6,22], MODIS [6,8,10] or OLCI Sentinel-3 A and B [6,11]), which allows data with varying spatial and temporal resolution to be processed. The advantage of multiple satellite instruments is their potential combination to reduce missing values and extend the timeseries.



In addition, the main aim of the Citclops project was the development of affordable citizen science tools that can measure different water properties. A smartphone application called EyeOnWater Colour was created which provides a fast assessment of surface water colour on the FUI scale from the user’s phone camera. In situ measurements from the application contribute to standardised historical measurements of the FUI [21,23,24], and have been used to validate the FUI classes derived from the FUI satellite toolbox. A successful uptake of the FUI satellite toolbox lies in its ease of processing, potential for detailed mapping of nearshore and marine waterbodies and estimating biological, physical and chemical characteristics of the water [21]. The FUI has been linked to the water quality parameters, such as the amount of nutrients present in the water, SPM, turbidity or salinity [5,25]. As such, the FUI can be used to map the river plume extent and act as a proxy of water quality.



Ensuring long-term monitoring of coastal water quality is important in both tropical reefs and temperate ecosystems, since sensitive marine habitats can be detrimentally affected by poor water conditions. Although corals have a certain degree of resistance to the warming sea temperatures, it has been demonstrated that corals which regularly experience poor water conditions, such as elevated dissolved inorganic nitrogen (DIN), are less resistant to thermal stress. As a result, the modelling shows that the corals’ upper thermal bleaching limits can be reduced significantly with a decrease in DIN [26]. Other studies also show that the coral reef management through improved water quality will increase the overall survival potential of corals to climate change [27]. Similarly, the abundance of seagrass meadows was linked with the amount of contaminants present in the water. The increased SPM with turbidity can result in decreased light availability for the seagrass photosynthesis, hence its abundance [28,29]. An elevated amount of nutrients can stimulate the seagrass growth; however, over-enrichment would ultimately lead to an increased amount of plankton and macroalgae, which in turn could reduce light attenuation and cause a reduction in the seagrass communities [30]. As such, declining water quality has significant impacts on the GBR coastal ecosystems, where land sourced pollution transported in river flood plumes has been a key driver in inshore coral and seagrass habitat loss [8,24].



The application of the FUI to map long-term changes in the extent of the river plume and assess the relevance of this methodology for operational water quality monitoring programs has never been applied in the UK waters. In this paper, we explore the application of the FUI to map monthly and annual river plumes in Liverpool Bay (UK) between 2017–2020 using Sentinel-3 A and B OLCI satellite data. The changes in the river plume extent are compared to the river flow from a combination of fifteen rivers discharging into Liverpool Bay. Furthermore, the GBR water type classification is applied inLiverpool Bay and assessed against another water type classification developed in the European Citclops project for -temperate regions. The comparison provides insight on the application of the FUI categories to define optical water types - in different geographic and climatic regions. The paper also links the FUI classes with in-situ water samples and draws conclusions on its suitability to act as a proxy for water quality monitoring programs in the UK. It can be an important tool in defining water quality assessment typologies that are based on the optical properties, and hence supplement the current approaches using geographically and politically delimited typologies.




2. Materials and Methods


2.1. Study Area


Liverpool Bay (Figure 1) is a shallow (<50 m) sub section of the eastern Irish Sea, receiving substantial freshwater inputs from several rivers [31]. In this case study, we focus on assessing the freshwater inputs of fifteen rivers and their tributaries in the Liverpool Bay catchment area. The name of each river, its principal location and the contributing gauges are depicted in Figure 1. Riverine plumes are the major transport mechanism for nutrients, sediments and other land-based pollutants into the bay. Liverpool Bay is a complex hydrodynamic system, where the vertical and horizontal stratification and mixing of the freshwater plume is determined by tides. The tides influence the geographic location and dispersion of the river plume sediments, nutrients and biological composition of the water [31]. As such, mapping the river plume extent, its cycles and variations can provide useful insight on the water constituents and its quality.



The northwest region of Liverpool Bay is highly populated, with more than 7 million people in 2011, which has risen by approximately 5% since the 2001 census, collected by the Office for National Statistics (ONS). The greatest population density is located in the Greater Manchester area and city of Liverpool [32]. In 2018, North Wales had a total estimated population of approximately 700,000, with Flintshire being the most densely populated authority [33]. Increased human activities and changes in the land management might cause pressure on the ecosystems and their exposure to pollution. In 2019, the dominant farm types in the northwest were grazing livestock farms, accounting for 59% of the total farmed area, followed by dairy, which covered 19% of the farmed area [34]. Overall, Liverpool Bay receives high riverine nutrient inputs resulting in elevated nutrient concentrations in coastal waters, although algal biomass is not sufficient for it to be classified as eutrophic [2,4,35]. The SPM and riverine input of terrestrial Coloured Dissolved Organic Matter (CDOM) influence the underwater light amount in the area [3,36]. In addition, the sediment dynamics are a primary concern in Liverpool Bay, since the sand dune system, which actively erodes and expands, acts as natural protection to the coast. The sand dunes are a tourist attraction and their changes are important for the marine shipping of the Liverpool international port [31]. Liverpool Bay contains eight designated OSPAR Special Protection Areas (SPAs) and five Marine Conservation Zones (MCZs) (Figure 1). These areas provide habitat and protection for various species such as red-throated diver, common scoter and little gull [37], and the important recreation and commercial fishing species European sea bass (Dicentrarchus labrax) and thornback ray (Raja clavata) [38]. Furthermore, Liverpool Bay includes seagrass, saltmarsh and seaweed ecosystems, which act as blue carbon storage and also provide nursing and spawning grounds [39]. For all these listed reasons, Liverpool Bay has become a focal point of the scientific research on the impact of the freshwater loads onto the bay’s hydrodynamics and water quality.




2.2. Water Quality Monitoring


Surface data (<5 m depth) for 1 January 2017–31 December 2020 were obtained for the study area for the inorganic nutrients, namely nitrite, nitrite + nitrate, silicate, phosphate and ammonium, turbidity, SPM, salinity and Chl-a. Data were collated from national monitoring programmes operated by several UK government agencies in the region. Estuarine and coastal water quality data collected under the Water Framework Directive were obtained from the Environment Agency (Open WIMS data) and Natural Resources Wales. Coastal and offshore data collected under the Marine Strategy Framework Directive were obtained from Cefas and Agri-Food and Biosciences Institute (Afbi) (Supplementary Material Table S1). Sample collection and processing was carried out by each of the agencies and detailed methods are presented in [2] and references therein. Briefly, surface samples were typically collected from a depth between 2 m to 4 m and subsampled for nutrients, SPM, turbidity, salinity and Chl-a. Turbidity was determined using turbidity meters and converted to SPM using discrete samples collected and analysed for SPM. Salinity was determined either using a calibrated conductivity meter or from discrete samples analysed using a calibrated salinometer. Nutrients were estimated using colorimetric methods, and Chl-a was measured on acetone extracts of filtered samples analysed using a calibrated fluorometer [2]. The monthly aggregated FUI values were extracted at the locations of the in situ water quality samples (Figure 1) using Python 3 arcpy library, and the relationships between the water parameters and FUI were explored statistically by calculating the Spearman’s rho and showing the relationship graphically.




2.3. River Flow Data


River gauge data were extracted, for each of the major freshwater sources into Liverpool Bay, from the National River Flow Archive (NRFA, Supplementary Material Table S1). Gauged daily flow rates were extracted for each location over the period of interest, from 1 January 2017–30 September 2020. Sources were chosen based on those closest to the river mouth, and available during the period of interest, with the location of all contributing gauge sites for each of the fifteen rivers shown in Figure 1. Where a single source was not available for significant lengths of time (e.g., for Mersey at Westy, NRFA station 69037), gauges were combined from each of the available rivers and tributaries upstream. Where data were missing for occasional days during the timeseries, flow rates were filled using the median value for that site. For comparison with the river plume area monthly satellite composites, daily flow rates were then summed over each month, to provide the total volume of river discharge into Liverpool Bay.




2.4. FUI Satellite Mapping of Water Type


Waterbodies of Liverpool bay were mapped applying the FUI on the Sentinel-3 OLCI A and B satellite data, according to both the Citclops project [21] and GBR [11] waterbody types. The waterbody types are defined using different -categories of FUI and reflect -reflect the physical, chemical and biological properties of the water. In the Citclops project, five waterbody types are defined, ranging from indigo blue to greenish blue waters (FUI classes 1–5) that correspond to waters with high light penetration. These waters often have low nutrient levels and low production of biomass. The colour is dominated by microscopic algae (phytoplankton). The greenish blue to bluish green (FUI classes 6–9) corresponds to waters with a colour still dominated by algae, but also increased dissolved organic matter and some suspended sediment may be present. The FUI 1–9 is classified as the Open Sea. The greenish waters (FUI classes 10–13 for Coastal waters) correspond to Coastal waters which usually display increased nutrient and phytoplankton levels, but also contain suspended sediment and dissolved organic material. The greenish brown to brownish green waters (FUI classes 14–17 for Near-Shore water) reflect waters with high nutrient and phytoplankton concentrations, but also increased suspended sediment and dissolved organic matter. They are typical for Near-Shore areas and tidal flats. Finally, the brownish green to cola brown waters (FUI classes 18–21 for Estuary waters) relate to waters with an extremely high concentration of humic acids, and are typical for rivers and Estuaries [21] (Summary in Table 1). The method of measuring the FUI classes in the field is using a Secchi disk and 21 coloured glasses is depicted in Figure 2. In the GBR plume typology, FUI ≥ 10 values are grouped into a unique waterbody referred as Primary water type, while FUI 6–9, FUI 4–5 and FUI ≤ 3 are referred to as Secondary, Tertiary and Marine water types, respectively [11] (summary in Table 1). According to these waterbody properties, it is possible to infer water quality condition based on the links made between FUI and in situ nutrients [5,12,21,25].




2.5. FUI Batch Processing


We used a seven steps method, that is graphically shown in Figure 3, to compute daily FUI outputs using Sentinel-3 data, clean coastal outliers and aggregate and interpolate any missing data into monthly and climatological river plume composites in Liverpool Bay between 2017–2020. Firstly, the Sentinel-3 A and B water Level-2 product was downloaded from EUMETSAT (Sentinel-3 data sources are present in Supplementary Material Table S1). The Level-2 water leaving reflectance was produced by EUMETSAT after applying either a Baseline Atmospheric Correction, which removes the pixel glint and white caps and is mainly used for the open waters, or an alternative neural network atmospheric correction that is more suitable for the turbid waters [40].



In the next step, FUI was calculated using the SNAP Graph Processing Tool (GPT), which enables a batch processing of timeseries data. The processing graph applied the “FU Classification” algorithm developed in the Citclops project [6,7,18,21]. The FU Classification algorithm derives the true colour of natural waters based on the calculation of tristimulus values, which are the three parameters (X, Y, Z) that determine the colour stimulus of the human eye [17,41]. The CIE 1931 Colour Matching Function (CMF) determines the weights of the tristimulus values in the red (X), green (Y) and Z (blue) wavelengths (λ). The tristimulus values are then converted by a series of functions presented in [7,18,19] into the water hue angle (α) which corresponds to the 21 FUI colour classes. The calculation of FUI in the step 2 of Figure 2 was followed by resampling and clipping the data to a common grid to create a 3D array (a raster stack) for the temporal analysis. Values FUI ≤ 5 were removed from the coastal areas, which are suspected to originate from the changes in water levels, where a pixel’s reflectance can be affected by the bottom reflectance during low tides (step 4).



Due to frequent cloud cover in the UK, the daily FUI was aggregated to monthly composites using the mean FUI value (step 5). The mean aggregation of FUI was used in other studies such as [42], and it is preferred over median as it uses all the data and smooths the extreme values. Missing data were interpolated using inverse distance weighting with the search radius of ~1 km (step 6). The last step involved extracting pixels ≥ FUI 10, which were classified as the river plume. The threshold of FUI 10 to delineate the inner boundary of a plume was used both in the Citclops project and GBR Marine Monitoring Program. It corresponds to the brownish colour on the FU scale, which is linked to higher SPM loads, lower salinity and increased nutrients (Table 1) [21]



Frequency composites were computed per year and the whole timeseries to map spatially how many times a pixel was flagged as a river plume. The FUI monthly products were then classified according to the Citclops and GBR water type classification (Section 2.4). However, due to a low frequency of FUI in the class 1–5, this class was merged with the class 6–9 for the Citclops project categories as illustrated in Table 1. The analysis was conducted in an automated Python 3 script, using open source (steps 1, 4, 5, 6, 7) and arcpy libraries (step 3). The scripts are available in a public GitHub repository at: https://github.com/CefasRepRes/forel_ule (DOI: 10.5281/zenodo.6074090, accessed on 14 February 2022).





3. Results


3.1. Plume Extent


The spatial distribution of the plume is consistent across the whole timeseries between 2017–2020 in Liverpool Bay (Figure 4). Pixels marked as river plume more than 75% of the time (freq. > 0.75) follow a contour of shallow waters (<10 m) from the coast. In addition, the plume frequency maps highlight a transitional area that changes annually off the coast of Blackpool (Figure 1), creating a bulge that extends towards the open sea. This is caused by the presence of the Shell Flat sandbank, an area of shallow depth (<15 m) that extends 10 nm offshore from Blackpool. This area is classified as a plume between 50 to 75% of the sampling period (freq. = 0.5–0.75), with the largest area in 2019. Pixels marked as plume 25% or less (freq. ≤ 0.25) are transient plume features which could be linked to the interannual fluctuations in the river flow, or artefacts crated during the data processing resulting from missing data values due to clouds. The majority of the transient plume pixels are not deeper than 30 m (Figure 4). Morecambe Bay, which is an outlet of multiple rivers depicted in Figure 1 (Crake and Leven, Bela and Kent, Keer, Lone and Conder, Wyre), shows the presence of the largest freshwater plume extent off the coast of Liverpool Bay, which is constant across the timeseries (Figure 4). This could be caused by the tidal and current processes in the sheltered Morecambe Bay, that can hold the run-off longer, as opposed to more open coastal areas, such as the coast of North Wales.



Annual and seasonal variations in river plume extent between 2017 and 2020 are illustrated in Figure 5 and Figure 6 after classifying the FUI into the waterbody types from the Citclops project and GBR. In this classification, the Primary waterbodies, relating to a higher concentration of nutrients, SPM and CDOM [11], representing the freshwater plume, correspond with the Coastal, Near-Shore and Estuaries waterbodies from the European Citclops project [21]. However, the European classification provides more detailed waterbody classes within the Primary plume area, whereas the GBR FUI methodology has only one class within the plume extent and three classes in the open waters. Overall, both methods provide the same definition of the plume extent of FUI ≥ 10, which shows that the definition of the river plume based on this threshold could be applied in various geographic locations. Applying two geographically distinct FUI waterbody clusters used across Europe and GBR highlight a need to define the local clustering waterbody types for Liverpool Bay, which contains a more turbid water system. The importance of the locally defined classification lies in their use for risk mapping, where the risk is calculated as magnitude (waterbody type) × likelihood (frequency) [13], hence having an effect on the potential monitoring program.



Annually, the largest average plume extent of 2336 km2 is measured in 2017 (Table 2). This might be related to a wetter than normal summer season, which is shown by the larger plume area measured in May, June, July and August 2017 (Figure 7). Years 2018, 2019 and 2020 exhibit a more pronounced seasonal pattern than 2017. In this period, the plume extent fluctuates seasonally, displaying three distinct trends: (1) a wet season (December, January, February, March), (2) a dry season (May, June, July, August) and (3) a mixed season (April, September, October, November). In the wet season, the average plume area is greater by approximately 40%, compared to the dry season in 2018, 2019 and 2020 (Table 2).



The standard deviation within the year is similar for 2018, 2019 and 2020, but lower in 2017. In 2017 the plume area does not show the same reduction over May–July and remains constant around 2000–2500 km2. The seasonal fluctuations of the plume area in 2018, 2019 and 2020 can be observed spatially in Figure 5 and Supplementary Material Figures S1–S3. In these figures, the FUI was classified into the Citclops-defined waterbodies described in Table 1. The extent of the plume drops after February, following a downward trend until it reaches its minimum in June and July in the middle of the dry season.



The seasonal pattern of the total river plume area closely follows the river flow, which is typically highest around February and decreases through May and June for 2018, 2019 and 2020 (Figure 8). Despite a decrease in river flow in April–May 2017, the river plume area remains larger (Figure 7 and Figure 8), suggesting other environmental or processing factors may explain plume variability in this year. Similarly, the kernel density distribution curve of 2017 differs from the remaining years, overlapping only the middle or interquartile range values of 2018, 2019 and 2020 (Supplementary Material Figure S4). Despite the differences between 2017 and the other years, the relationship between the river flow and the plume area is demonstrated by a strong positive correlation rho = 0.704 (p < 0.01) calculated from 45 observations between 2017–2020 (Figure 9B). Since the river flow and plume data did not satisfy the requirement of a normal distribution needed to calculate Pearson’s R correlation (Supplementary Material Figure S5), Spearman’s rho was calculated instead. In terms of interannual seasonality, Figure 9A shows that a plume area threshold value between 2000–2500 km2 separates the dry and wet seasons in 2018, 2019 and 2020. Beyond 2500 km2, 85% of the datasets belong to the wet season. Similarly, around 75% of the dry season data occur below the 2000 km2 plume area and 0.5 × 109 m3 month−1 of the river flow. However, the difference between the mixed and wet season river flow data is less due to a higher flow variability in the mixed months, hence an overlap between the mixed and wet season values (Figure 9A).




3.2. FUI and Water Quality Indicators


The in situ SPM, turbidity and Chl-a all show a skewed or non-normal distribution (Supplementary Material Figure S6). The correlation between FUI values and nutrients shows a strong positive relationship for ammonium (rho = 0.66), nitrite (rho = 0.62), nitrite and nitrate (rho = 0.67), phosphate (rho = 0.67) and silicate (rho = 0.67), which all exhibit a p value < 2.2 × 10−16, suggesting the relationship is statistically significant (Figure 10). The strongest relationship was found between the FUI and both turbidity (rho = 0.77) and SPM (rho = 0.74), while salinity has a strong negative correlation (rho = 0.61) with FUI. The negative relationship between salinity and the FUI was expected, since the areas closer to the coasts are in general less saline and contain more nutrients from the riverine inputs, hence higher FUI values. Chl-a has a moderate correlation (rho = 0.4) with the FUI. These results suggest the FUI classification can be linked to a gradient of nutrient, SPM and salinity concentrations, providing information on water types outside of in situ sampling.



The relationship between nutrients, SPM, salinity, turbidity and Chl-a is also demonstrated after grouping FUI values into the four Citclops water types (Table 1). Overall, there is an increase in nutrients in Estuaries which gradually lowers with the distance from the coast. As such, the lowest value of the nutrients is present in the Open Sea waters as depicted in Figure 11. Nutrients in the Estuaries show a distinguishable boxplot/distribution of values, which contrasts with the Near-Shore waters that display substantial variability with many extreme values. Chl-a has low variation in values across the four water classes, with the highest peaks in the Near-Shore. SPM and turbidity have slightly higher values around the Estuaries, decreasing towards the Open Seas. Salinity has a reversed trend compared to the rest of the tested variables, since it is the highest in the Open Seas and decreases sharply towards the Estuaries. Overall, the Open Seas and Coastal classes defined by the FUI are similar to each other across the tested variables, although the Coastal class shows a higher number of extreme values. In addition, the Near-Shore waters have the highest variation, which overlaps with some of the distribution of the Estuaries, but only in the third quartile (Q3) of the boxplot values. Estuaries have distinctive high nutrient values compared to Coastal and Open Seas.




3.3. FUI Plume Typology for Water Quality Assessments


The Liverpool Bay plume extent derived from the FUI data can be used to refine the typologies used for the eutrophication assessments, especially because the results from this study show the FUI river plumes are linked with the water quality indicators, more specifically SPM, turbidity, nutrients and salinity (Section 3.2). The Forel–Ule Plume between 2017–2020 presented in this study, and the Liverpool Bay Plume, which is the SPM derived river plume typology developed in [2], align well between the rivers Clwyd and Elwy (R2) to Duddon (R15) (Figure 1 and Figure 12). The Liverpool Bay Plume has a pronounced “nose” feature extending in the middle of the bay that is smaller in the Forel–Ule Plume; however, they follow the same general pattern (Figure 12). The Forel–Ule Plume increases the coastal resolution and provides additional information further west around the Conwy (R1) Estuary and the Anglesey Island in North Wales, as well as in the coastal areas of the northern part of the Liverpool Bay. The Forel–Ule Plume encompasses the existing WFD Coastal and Transitional eutrophication assessment areas and extends into the coastal OSPAR plume area, thereby defining the full extent of the riverine plume across these two assessment frameworks. The majority of the Forel–Ule Plume falls within the Intermittently Stratified and Permanently Mixed Ecohydrodynamic areas and the Liverpool Bay from the COMP2 typology (Figure 12).





4. Discussion


4.1. Water Quality Assessments Based on the Plume Mapping


This study provides the first low to medium resolution river plume mapping on a monthly, annual and climatological basis between 2017–2020 in the Liverpool Bay. The importance of the automated workflow developed in this study is mapping river plumes in a fast, cost-effective and reproducible way by estimating riverine influence on Coastal and Open Sea water using a combination of high spatial and temporal resolution Sentinel-3 ocean colour product and the open-source SNAP FUI algorithm. Applying Sentinel-3 OLCI satellite data to map plumes in the Liverpool Bay provides detailed plume information, thanks to its 300 m resolution. Compared to the previous studies, it uses higher resolution than MODIS or SeaWiFS (1.0 km and 1.1 km resolution, respectively) [6,10], and better radiometric resolution than MERIS [6].



Sentinel-3 OLCI is a relatively new satellite mission, increasingly applied to map river plumes [11,13]. The FUI index for the Sentinel-3 products has been used worldwide, including in the GBR, to assess water quality changes in marine waters and has already been recognised as a continuation of older ocean colour products, such as MODIS, in the long-term water monitoring programs in the GBR [11]. As such, using the FUI is not only an objective method of mapping optical water types, including river plumes, applicable worldwide, but it also provides an option to compare regions without the full knowledge of the inherent properties of the water. Thanks to the high spatial, temporal and radiometric resolution of Sentinel-3 OLCI it was possible to map river plumes with a higher definition and accuracy than in a previous assessment [2] on monthly, yearly and climatological scales from the coastal to offshore waters. The results of this study can be used to improve current water quality programs in the Liverpool Bay by refining existing assessment areas.



Formal eutrophication assessments, such as those under WFD and OSPAR, have traditionally used geographically defined assessment areas [2], whereas using the FUI to define assessment areas based on river plumes would encompass the full spatial extent of terrestrial impact in the marine environment. This would provide a more holistic approach, since it reflects the nutrient, sediment and other anthropogenic loads from the land to sea, and the specific local hydrological circulations that determine the level of mixing and the extent of the river plume. In comparison to the more recent assessment areas based on SPM or salinity [2], the SPM and FUI derived plumes are expected to be similar, as shown in Figure 12. This is due to a high correlation between the FUI and SPM, since SPM is one of the CPAs directly influencing the optical property of water which the FUI is based on. However, the FUI plume maps the river plume also off the coast of Northern Wales, which is not present in the SPM-based plume. In contrast, the FUI plume is smaller around the area of the Shell Flat sandbank off the coast of Blackpool. The discrepancies could be due to the FUI also being influenced by CDOM, Chl-a and other CPAs, which do not appear in the satellite-derived SPM plume from [2]. As such, the use of the FUI to map river plumes is based on more input data that are directly linked with the plumes (CDOM, Chl-a or SPM), hence is more representative of the freshwater loads to the sea.



The FUI is an important tool to operationally assess water quality and flood plume influence in the tropical waters of the GBR. Changing extent of river flood plumes have been linked with an increase in extreme weather [12], which is expected to intensify under IPCC climate change scenarios [43]. More extreme and frequent weather events can lead to increased inputs of sediments, nutrients and other pollutants into the coastal seas through river floods. The large-scale flooding has been linked to a decline in the health of inshore seagrass communities and coral reefs in the GBR [12]. In addition, numerous studies around the world [44,45,46] have shown that a change in land management, together with climate change, can result in coastal darkening. Coastal darkening is a phenomenon mainly present off the coast, where increased concentrations of light absorbing and scattering material, such as SPM or CDOM, are suggested to result in a lower amount of available light, hence darkening. This phenomenon was observed in centennial water samples in the North Sea, and was linked to delays in phytoplankton blooms [46]. As such, an increase in the number of extreme weather systems and changes in land use in the catchments draining into the Liverpool Bay could detrimentally impact the coastal and intertidal ecosystems due to increased run-off into the sea. Cost-effective, repetitive and large-scale monitoring of water type through mapping river plumes presented in this paper could facilitate the definition of measures to ensure water quality.




4.2. Future Work and Application


The method applied in this paper to map river plumes provides new information on the spatial and temporal variations in the plume extents and provides an estimation of water quality through specific waterbodies, but also highlights where additional work is needed to progress the systematic detection of river plume waters in UK waters. Firstly, this paper suggests that despite the 21 FUI colour classes being applicable worldwide, it is important to assess the FUI clustering into waterbody types locally, hence reflecting regionally specific optical water characteristics. Both GBR and Citclops waterbody classification in the Liverpool Bay identify the river plume has an FUI ≥ 10. In GBR, this represents the Primary river plume [11], whereas this category represents Estuaries, Near-Shore and Coastal class in the Citclops project [21]. The Citclops classes, however, provide more detailed river plume information and its water quality condition around the coast, which was found to be more suitable for mapping plumes in the Liverpool Bay. Conversely, the GBR classification offers more information on the FUI below 10, as opposed to Citclops in offshore waters, which is more adapted to the clearest tropical waters of the GBR. In the Liverpool Bay case study, two original open-water classes had to be merged into one due to lack of FUI between 1–5 in the bay. We propose keeping the Citclops classes for the river plume (FUI ≥ 10), meaning Estuaries (FUI 18–21), Near-Shore (FUI 14–17) and Coastal (FUI 10–13), but adding more definition in the original Open Sea class (FUI 1–9) from the GBR FUI classification (Table 1), which would offer more spatial information away from the coast. As such, a detailed cluster analysis of the classes across the timeseries will be carried out in the future for the Liverpool Bay.



Another improvement of the current method lies in using ocean colour gap-free products. Since Sentinel-3 OLCI is a passive sensor, it does not penetrate through the cloud cover and the accuracy of the FUI depends on the number of cloudless images. The presence of clouds creates a significant uncertainty in the temperate regions affected by frequent passes of oceanic frontal systems, such as UK waters. Similarly, the concentration of clouds in a specific area of the daily Sentinel-3 image resulted in an uneven distribution of the available data. Consequently, it was not possible to interpolate data both spatially and temporarily to daily gap-free images. Using a combination of different satellite and modelled data in a single gap-free ocean colour product could solve this problem in the future. However, ocean colour gap-free products used, for example, to map the monthly global FUI using the European Space Agency Ocean Colour Climate Change Initiative (CCI) have a resolution of ~4 km at the Equator [42], which can be unsuitable in the coastal and intertidal areas.



This study shows that the FUI could be used as a proxy for qualitative assessment of water in Liverpool Bay, which is in agreement with the studies conducted in other geographic locations, such as the North Sea, Celtic Sea [5,25] or GBR [9,11,12]. More specifically, SPM or turbidity showed a strong positive correlation with the FUI in the above areas and Liverpool Bay, whilst Chl-a suggests a weak positive correlation [5]. Nutrients analysed in this study differ from the previous work, which focused primarily on assessing dissolved inorganic nitrogen (DIN) or dissolved inorganic phosphate (DIP) and the FUI [11,47]. Nutrient concentrations are highest in the Estuaries, Near-Shore or Coastal waters (or GBR Primary waterbody), and decrease with distance from the coast, in agreement with the description of the water quality in the waterbodies applied from Table 1 and [12]. To further analyse the relationship between water quality constituents and the FUI in Liverpool Bay, CDOM, which is one of the primary colour-producing agents and was examined in the previous work [5,25], will be included in the future assessment. Similarly, this study did not analyse temperature and water depth, which are physical properties that can indirectly affect optical properties, as well as having been shown to be highly correlated with the FUI [5,25]. Although explaining the degree of the river plume variance by the tested variables is beyond the scope of this work and we looked at the relationship of the variables with the FUI individually, a regression model that would identify their relative importance to the river plume area is proposed for future work together with the river plume modelling. In addition, as depicted in Figure 1, the in situ water samples are primarily located in the Estuaries and Near-Shore waters, hence the water data are biased towards the Coastal areas. To improve the validation dataset and obtain a better understanding of the relationship between the FUI and water quality constituents, more in situ samples from the open waters need to be analysed.





5. Conclusions


For the first time, this study showed the potential of using a combination of Sentinel-3 and the FUI as an objective tool to map waterbodies in Liverpool Bay, and infer the biological, physical and chemical properties of the water, hence its quality. We suggest using the Citclops classes to categorise the FUI into specific waterbodies in Liverpool Bay, however, refining the offshore/open-water class (FUI ≥ 9) to reflect more water categories. This case study therefore highlights the need for regionally derived FUI plume waterbody classes which reflect local variability in the optically active compounds. The presence of clouds hinders the use of the high temporal resolution Sentinel-3 data at temperate latitudes. Merging multiple satellite and modelled data could provide better coverage, but potentially reduce spatial resolution. An increased temporal resolution would enable matching the water samples from the specific days to the FUI, hence defining a more accurate relationship between the FUI and in situ data. Furthermore, this paper identifies CDOM as an additional parameter to be analysed alongside SPM, turbidity, salinity and nutrients in the future, to provide a more complete assessment of the relationship between the FUI and the water quality parameters. Overall, this paper presents a new water quality assessment typology, based on the ocean colour satellite product and FUI, which could be implemented into the UK water monitoring programs as an objective, repetitive, cost-effective and fast method of estimating water quality condition and the impact of land-based loads into the coastal marine environment.
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Figure 1. Location of Liverpool Bay and the river data used for the analysis. The orange circles show the positions of 29 gauges used to measure the river flow of the following rivers: R1—Conwy, R2—Clwyd and Elwy, R3—Dee, R4—Arrow Brook, R5—Gowy, R6—Dane and Weaver, R7—Bollin, Glaze, Irk, Irwell, Medlock, Mersey and Sankey, R8—Alt, R9—Darween, Douglas, Ribble, Yarrow, R10—Wyre, R11—Lune and Conder, R12—Keer, R13—Bela and Kent, R14—Crake and Leven, R15—Duddon. Green and orange polygons denote Special Protection Areas (SPAs) and Marine Conservation Zones (MCZs). 
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Figure 2. Measurement of water colour using a Secchi disk and Forel–Ule colour scale (source Reproduced with permission from Ceccarni et al., PLOS ONE, 2020, https://doi.org/10.1371/journal.pone.0230084. 
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Figure 3. A schematic diagram of the methodology used to extract river plume in Liverpool Bay. 
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Figure 4. Yearly plume frequency in the Liverpool Bay. The plume frequency 1 denotes the pixel was marked as plume in all the months within the year. The mapped river plume corresponds to the Coastal, Near-Shore and Estuaries waterbodies (FUI ≥ 10) [21] and Primary plume (FUI ≥ 10) wet season class from [11]. The source of bathymetry is: GEBCO Compilation Group (2020) GEBCO 2020 Grid doi:10.5285/a29c5465-b138-234d-e053-6c86abc040b9, accessed on 1 February 2022. 
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Figure 5. Spatial changes observed in the river plume extent (FUI between 10–21) in 2019 suggest the presence of three seasons: 1. wet season (months: 12, 1, 2, 3); 2. dry season (months: 5, 6, 7, 8) and 3. mixed season (months: 4, 9, 10, 11). 
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Figure 6. Classification of Liverpool Bay wet season (December, January, February, March) according to the four GBR waterbody classes based on FUI values. The river plume areas across the wet season between 2017–2020 do not change significantly across the months. 
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Figure 7. Total plume extent per month between 2017–2020 and the monthly average per year (red line) show the variability across the months in the timeseries. 
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Figure 8. A timeseries of the river flow in the Liverpool Bay versus the river plume area between January 2017 and September 2020. October, November and December 2020 river flow measurements were unavailable at the time of the manuscript preparation. 
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Figure 9. Variability in the river flow and the plume across years and season (A). Spearman’s correlation coefficient (ρ/rho) (B) calculated between the river flow and the plume using all the available data between 2017–2020 (n = 45). The blue line shows the local regression fit. 
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Figure 10. Spearman’s correlation (ρ/rho) with the significance value (p) between the FUI values (1–21 scale) and the water nutrients, Chl-a, SPM and turbidity. The middle line shows the local regression fit. 
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Figure 11. Whisker boxplots showing quartile distribution of water nutrients, chlorophyll-a, salinity and SPM in four Forel–Ule Citclops water classes: 1. Estuaries, 2. Near-Shore, 3. Coastal and 4. Open Seas. 






Figure 11. Whisker boxplots showing quartile distribution of water nutrients, chlorophyll-a, salinity and SPM in four Forel–Ule Citclops water classes: 1. Estuaries, 2. Near-Shore, 3. Coastal and 4. Open Seas.



[image: Remotesensing 14 02375 g011]







[image: Remotesensing 14 02375 g012 550] 





Figure 12. Traditional water quality assessment typologies in Liverpool Bay, compared to the newly defined Forel–Ule Plume. 
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Table 1. Water type classification and their description.
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Source

	
Water Type (Classes)

	
FUI

	
Description






	
Petus et al., 2019 [11]

	
Primary

	
≥10

	
High concentration of phytoplankton, nutrients, sediments and decreased light attenuation




	
Secondary

	
6–9

	
Dominated by algae, but increased dissolved organic material and some sediment




	
Tertiary

	
4–5

	
High light penetration




	
Marine

	
1–3

	
High light penetration




	
Citclops (http://www.citclops.eu/home, accessed on 1 April 2020)

	
Estuaries

	
18–21

	
Extremely high concentration of humic acids typical for rivers and Estuaries




	
Near-shore

	
14–17

	
High nutrient and phytoplankton, increased sediment and dissolved organic material typical for Coastal waters




	
Coastal

	
10–13

	
Increased nutrient and phytoplankton, some minerals and dissolved organic material




	
Open Sea

	
1–9

	
Dominated by microscopic algae, some sediment might be present but typically the Open Sea











[image: Table] 





Table 2. Descriptive statistics for the annual and seasonal river plume area (km2) between 2017–2020 in Liverpool Bay, showing the average, maximum (Max), minimum (Min), standard deviation (STD) and the average per season per year.






Table 2. Descriptive statistics for the annual and seasonal river plume area (km2) between 2017–2020 in Liverpool Bay, showing the average, maximum (Max), minimum (Min), standard deviation (STD) and the average per season per year.





	Year
	Average
	Max
	Min
	STD
	Average Dry Season
	Average Wet Season
	Average Mixed Season





	2017
	2336
	2915
	1807
	306
	2130
	2442
	2435



	2018
	2231
	3290
	1407
	586
	1707
	2799
	2187



	2019
	2273
	3640
	1493
	682
	1625
	3006
	2187



	2020
	2091
	3596
	1333
	628
	1581
	2695
	1998
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