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Abstract 

River discharge can have a significant and profound influence on coastal ocean water 

quality and productivity and therefore the global biogeochemical cycle. However, there 

is little acknowledgement or understanding of the influence of river discharge on coastal 

ocean productivity or water quality at local and regional scales. To a greater extent, there 

is a paucity of knowledge on the global scale influence of river discharge on global 

productivity (as indicated by chlorophyll-a concentrations), though there have been 

previous attempts to estimate the global change in chl-a of the open oceans at decadal 

time scales. Here, the influence of river discharge is assessed from local and regional to 

global scales via analysis of river discharge time series and remotely sensed MODIS 

satellite imagery products. In the first research chapter (Chapter 2) these products are 

applied to investigate how a lack of river discharge from Australia’s Murray River (due 

to a drought period) and a flooding event affected the water quality and productivity of 

the adjacent coastal ocean waters. Findings indicate that Murray River discharge can 

stimulate productivity of the Southern Ocean coastal waters, up to 60 km from the river 

mouth. This effect was reduced to background seasonal levels during the a prolonged 

drought. The following chapter (Chapter 3) investigates the long-term influence of river 

discharge on coastal ocean chlorophyll-a to objectively identify where river discharge has 

influence under a broad range of flow conditions for 11 global rivers. This is done with a 

non-parametric spatiotemporal correlation analysis. The method is found to be more 

effective on rivers which do not have strong seasonal patterns, such as the Rhone (of 

France) and Murray (of Australia) rivers in temperate latitudes. The final research 

chapter (Chapter 4) uses the method developed in Chapter 3 to extract time series data 

from areas identified as influenced by river discharge, to then investigate the presence, 

absence and direction of trend. This is done to investigate whether the magnitude and 

scale of influence of river discharge may be changing over time. Some trends are detected 

contrary to that of previous research. A number of recommendations for future research 

are identified and proposed. This research is important to understand the current and 
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potential future impacts of river management on coastal ocean environments, and to 

enable more accurate and rigorous estimation of regional and global scale trends in 

ocean productivity and biogeochemistry. Future research is imperative in understanding 

the role and influence of river discharge and river and coastal management on coastal 

ocean productivity and water quality in the future, at local to global spatial scales. 
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1.1 Introduction 

In many regions of the world freshwater discharge has a profound influence on coastal 

ocean productivity and water quality (e.g. Phillips et al. 2017; Shi et al. 2019; Swieca et 

al. 2020). River discharge can alleviate nutrient limitations for phytoplankton and other 

marine life and have a bottom-up, stimulating and supportive effect on trophic webs, 

with positive consequences for the local environment and industries (Bellier et al. 2007; 

Drinkwater and Frank 1994; Fernández-Nóvoa et al. 2019; Gillanders and Kingsford 

2002; Gong et al. 2006; Grimes and Kingsford 1996; Lazure et al. 2009; Planque et al. 

2007). Some authors suggest riverine discharge plumes are generally among the most 

productive places in the sea (Grimes and Kingsford 1996). This suggests river discharge 

plays a strong ecological role in supporting a variety of life in marine environments. 

River discharge can have a range of important consequences on coastal water 

environments and species. Freshwater from rivers supplies sediments, dissolved and 

undissolved nutrients and materials to coastal waters, which may otherwise be nutrient 

limited. River discharge can increase the turbidity, nutrient concentration of receiving 

coastal waters and reduce light penetration depth (Baird et al. 2021). Furthermore, the 

physical force of water flowing into ocean regions can also change coastal circulation 

dynamics (Babin et al. 2012). These contributions and influences can often cause 

significant changes in phytoplankton and productivity in these locations, affecting 

several marine ecosystem processes. For example, the Bay of Biscay on the north coast 

of Spain and west coast of France, is considered highly productive (Fernández-Nóvoa et 

al. 2019). Phytoplankton biomass and primary production in this region is influenced 

not only by convective upwelling, but also river discharge from the Loire and Gironde 

river plumes (Álvarez-Romero et al. 2011). Several studies have shown these particular 

plumes are the preferred spawning area of anchovy and sardines (Bellier et al. 2007; 

Fernández-Nóvoa et al. 2019), and that the region is characterised by high socio-

economic importance due to activities including tourism, shellfish farming and other 

fisheries (Lazure et al. 2009). Similarly, Phillips et al. (2018) found that seabirds 

Ardenna grisea and Uria aalge selectively occupy and track Columbia River plume 
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waters off the south western coast of Washington, USA, especially in plume boundary 

waters. This was found to be due to aggregation of zooplankton which attract prey fishes 

in river plume waters. Apex predators and marine mammals can be signs of healthy and 

productive ecosystems (Block et al. 2011; Colombelli-Négrel 2015). Thus, river discharge 

can have surprising and important influences on coastal ecosystem ecology and marine 

food-web dynamics. 

1.1.1 Significance of regulated river discharge on coastal ecology and 

productivity 

The stimulative services of coastally-discharging rivers are often only acknowledged in 

hindsight, following extensive river damming and regulations, when the positive 

interactions between rivers and coastal environments have been drastically modified or 

lost. Several historical examples demonstrate the consequences of reductions and 

alterations to natural river flow on primary productivity of coastal environments and 

therefore, local fish stocks, environments and industries. A well-known example is the 

case of the Aswan Dam. The high nutrient levels and large quantities of organic matter 

delivered to the Mediterranean Sea by the influx of Nile flood waters encouraged intense 

phytoplankton blooms in the coastal region. (Drinkwater and Frank 1994). These blooms 

maintained the site of significant reproduction events and nurseries of sardines and 

prawns, supporting major fisheries. During the construction of Aswan Dam, completed 

in 1969, flow decreased by 40 km3 year-1 (Grimes and Kingsford 1996) causing decline in 

primary productivity off the delta. This had consequences for Egyptian fisheries and 

catches in the Mediterranean Sea decreased from ~37,800 t in 1962 to ~7,140 t in 1976 

(Bebars and Lasserre 1983). Following this fisheries collapse, discharge rates from the 

dam were increased and the stocks of the sardine fishery recovered to approximately one 

third of their pre-dam levels (Grimes and Kingsford 1996; Smetacek 1986).  

In addition, construction of China’s Three Gorges Dam (completed in 2006) caused 

decline in primary productivity in the East China Sea by ~86% (between 1998 and 2003), 

as freshwater and nutrient loads from the river became drastically reduced (Chai et al. 

2009; Gong et al. 2006). This is believed to have ultimately caused the decline of fishery 
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catches in the region (Gong et al. 2006). Similar phenomena occurred after significant 

volumes of water were diverted from the Colorado River for agriculture, reducing 

discharge into the Gulf of California. The population of the totoaba (Totoaba 

macdonaldi), the largest sciaenid fish in the world and endemic to the Gulf of California, 

declined such that it was declared ‘vulnerable’ under the US Endangered Species Act 

1973 (Barrera-Guevara 1990; Cisneros-Mata et al. 1995). It has been illegal to catch this 

species since 1979. Although it could not be confirmed, it was suspected that the 

significant decrease in freshwater discharge from the Colorado River altered the state of 

spawning and nursery habitat in the vicinity of the delta (Rowell et al. 2008).  

These cases demonstrate the ecological and anthropogenic significance of river discharge 

to coastal waters, and how historical reduction or loss of flows to marine environments 

can have extreme consequences. River discharge is often thought of as a local scale 

influencer on phytoplankton biomass and primary productivity, but the influence of river 

discharge can, as these examples show, surpass the spatial and temporal extents of the 

river plumes themselves. Increasing modification of natural river flow is therefore of 

great concern, not only at local scales, but at broader, global scales as well.   

1.1.2 Declining river flow 

At continental and global scales, irrigation extractions and water reservoir management 

affect the timing and the volume of freshwater discharge which reaches the oceans. In 

fact, a global scale study of the world’s largest river systems suggested that, by 2005, over 

half of the world’s river systems were already regulated by dams (Nilsson et al. 2005). Of 

these, more than 45,000 were above 15 m high and were collectively capable of holding 

back about 15% of the total annual river runoff globally (Gornitz 2000). More recent 

research shows a continuation of the boom in dam construction during the last century. 

This includes the findings of Grill et al. (2019), who suggest that only ~23% of rivers 

longer than 1000 km remain free-flowing and uninterrupted to the oceans. In most 

circumstances, river regulations have occurred as a result of increasing demand from 

agriculture, demand for renewable energy or other economic activities (Nilsson et al. 
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2005; Zarfl et al. 2015), and are typically implemented without consideration for the 

potential effects on marine environments, though they regulate and significantly reduce 

river flow and the delivery of freshwater constituents to the sea. Biemans et al. (2011) 

studied the effects of global irrigation and reservoirs on river discharge for the period 

between 1981 and 2000. Their results reported that irrigation lowers global river 

discharge by 5% between May and August (northern hemisphere summer irrigation 

season), which is partly offset between October and March, when discharge increases by 

approximately 2% as extra water is released from reservoirs. Averaged over a year, 

extraction of irrigation water from rivers (including extraction from water reservoirs) 

appears to decrease global river discharge by 2.1% or 930 km3 (Biemans et al. 2011). 

Although this may seem a relatively small decrease, its consequences are more severe in 

some regions and river basins than in others. In some instances, river flows have ceased 

entirely for a number of years (e.g. the Murray River, Australia) (CSIRO 2008; Mosley et 

al. 2013), thus the supply of dissolved (e.g. nutrients) and suspended materials to the 

ocean is lost for prolonged periods. The effects of these changes on marine species can 

be profound, but in many regions how species may respond is unclear.  

To further complicate the situation, Akbarzadeh et al. (2019) conducted a global scale 

study investigating riverine fluxes of nitrogen, nutrient silicon, phosphorus and organic 

carbon due to damming. Results indicated that since the start of the current century, 

approximately 7.2% of nitrogen loading to river networks was lost due principally due to 

dams. The authors also suggested this would increase to 15% by 2030 due to global 

acceleration of hydro-electric dam construction. The research also suggested that 

because of nitrogen fixation in reservoirs, damming increases the nitrogen:phosphorus 

ratio of river discharge and thus reduces nitrogen limitation of primary productivity in 

receiving marine environments. This creates an interesting dichotomy, highlighting a 

paucity of knowledge on whether higher nutrient concentrations and loadings of river 

discharge could offset reduced river discharge volumes in the future.  
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1.1.3 Indirect drivers of river flow reductions 

In addition to the more direct impacts of water extraction for consumptive purposes, 

such as irrigation and damming, climate change is also altering magnitude and 

variability of river flow and discharge. These changes presently affect the frequency and 

length of extreme low flow periods in many rivers, and will likely continue into the future. 

For example, Morrison et al. (2002) created a flow model to predict future changes in 

flow due to climate change in the Fraser River. This study indicated that trends in both 

flow and river water temperature closely match the 1961-1990 historical trends which 

suggests the observed changes at this time may already be related to climate change. 

More recent research by Milly and Dunne (2020) showed that Colorado River flow is 

decreasing due to meteorological drought and warming. The authors estimated that 

mean annual discharge has been decreasing by 9.3% per degree Celsius of warming. The 

main driver of this decrease is the loss of snow in the upper Colorado River basin, which 

increases solar radiation and evapotranspiration. These observations led many authors 

to believe that length and frequency of extreme low flow periods will increase in many 

rivers in the future (Nilsson et al. 2005; Nohara et al. 2006; Shi et al. 2019; Stahl et al. 

2010).  

Current climate projections estimate an increase in seasonality of river discharge where 

discharge will increase in high flow periods and decrease in low flow periods, for about 

one third of the global land surface area for 2071 - 2100 relative to 1971 - 2000 (van Vliet 

et al. 2013). It is also predicted that for high northern latitude areas and in the tropical 

region, annual river discharge will increase, while in mid-northern latitude regions (US, 

central America, southern and central Europe, southeast Asia) and the southern latitudes 

(southern parts of South America, Africa and Australia), mean annual river discharge 

will decrease (van Vliet et al. 2013). Similarly, Milly et al. (2005) predicted, by the year 

2050, an increase of 10–40% in runoff in eastern equatorial Africa, the La Plata Basin 

and high latitude North America and Eurasia, and a decrease of 10−30% in runoff in sub-

Saharan Africa, southern Australia, southern Europe, the Middle East and mid-latitude 

western North America.  
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The effects of anthropogenic interference, climate change, regulation and management 

of the world’s river systems currently effects and will continue to affect coastal ocean 

environments receiving (or no longer receiving) environmental flows. In those areas of 

declining river flow the state of coastal ocean environments is likely to continue to 

change. The compounding effect of ongoing long-term decreases in phytoplankton 

biomass and productivity could have unprecedented negative effects on marine 

ecosystems and species. However, more research is needed on how coastal marine 

environments respond to prolonged low and zero flows, as well as varying volumes and 

flow concentrations, now and in the future. Fortunately, there are new datasets and ways 

in which changes to coastal productivity can be estimated as a response to reduced flows 

across the globe.  

1.1.4 Traditional techniques for monitoring river plumes 

Historically, changes in ocean productivity in response to changes in river flows have 

most often been monitored and studied by way of in situ ship-borne sampling or data 

collection from moored instruments. While this has increased the understanding of river 

plumes and productivity, these methods are spatially and temporally limited. 

Additionally, ship-borne sampling is heavily dependent on weather conditions and is 

typically expensive, not to mention that in situ sampling in estuaries and coastal regions 

which receive river discharge is often biased towards high flow conditions, limiting the 

knowledge and understanding of the system under low or no flow events.   

However, it is not only possible, but also more time and cost effective to estimate changes 

in ocean productivity from remotely sensed ocean colour. Suspended particulate matter, 

microscopic organisms and coloured dissolved organic matter in water columns 

influence and contribute to ocean colour. Phytoplankton (the largest contributor to 

changes in ocean colour) are detectable because they contain the pigment chlorophyll-a 

(henceforth, chl-a) which is also the main pigment responsible for photosynthesis. All of 

these components absorb, reflect, scatter and backscatter light and energy at several 

wavelengths of the electromagnetic spectrum. This reflected energy (reflectance) can be 
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measured by remote dsensors aboard platforms such as satellites. These can image the 

whole of the Earth at regular and frequent intervals. This technology makes it possible 

to estimate the concentrations and distributions of a variety of water constituents over 

global spatial and temporal scales from ocean colour imagery products.  

1.1.5 Remote sensing water quality 

1.1.5.1 Ocean colour sensors and satellite platforms 

A number of sensors specifically designed to detect ocean colour have been mounted on 

Earth orbiting satellites. These sensors vary in design purpose, affecting their revisit 

time, spectral and spatial resolution. The Coastal Zone Colour Scanner (CZCS) was the 

first satellite mounted sensor to monitor ocean colour specifically, and its mission was a 

first feasibility study to determine whether chl-a concentrations could be reliably 

estimated from a satellite based sensor (Bierman 2010; Gordon 1980; Hovis et al. 1980). 

It experienced a number of technical difficulties throughout its relatively brief lifetime, 

launched in November 1978 and operational until it was retired in 1986 (refer Table 1.1). 

Despite these challenges, the research arising from the CZCS identified the necessary 

requirements for validation, calibration, atmospheric correction, bio-optical algorithms, 

data processing and data access for future ocean colour missions (Barale and 

Schlittenhardt 1993; Bierman 2010). The development and launch of the CZCS was 

therefore considered successful. 

NASA planned a second mission specifically for monitoring of ocean colour and primary 

productivity and to gain broader understanding of the global biogeochemical cycle. The 

Sea-viewing Wide Field-of-view Sensor (SeaWiFS) was launched for this purpose, 

operating from September 1997 until December 2010 (refer Table 1.1). It had some 

improvements on CZCS. For instance, SeaWiFS recorded in eight bands compared to 

CZCS’s six. Later, in 2002, the Medium Resolution Imaging Spectroradiometer (MERIS) 

was launched on board the ENVISAT satellite and was operated by the European Space 

Agency (ESA) in collaboration with NASA (ESA 2006). The technical specifications of 

MERIS were further developed than those of the CZCS and SeaWiFS, respectively. 

MERIS orbited and imaged the Earth every three days and recorded in 15 spectral bands 
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and was operational until 2012. Both MERIS and the Moderate Resolution Imaging 

Spectroradiometer (MODIS) built on experience derived from the earlier sensors. 

However, MODIS has a shorter revisit period (higher temporal resolution) than MERIS. 

MODIS also records in 36 spectral bands (refer Table 1.1) across the visible to thermal 

electromagnetic spectrum and its ocean colour bands (in the visible spectrum) are 

narrower than that of SeaWiFS and CZCS. This aids atmospheric correction (a process 

which removes absorption and scattering effects from sensor recordings due to the 

atmosphere). In addition, MODIS also has more rigorous signal-to-noise specifications 

to reduce sensor-based errors than the aforementioned sensors (Esaias et al. 1998).  

Other sensors, some of which have been in orbit for longer periods than MERIS and 

MODIS, include NASA’s Landsat 5 and 7 Thematic Mapper (TM) and Enhanced 

Thematic Mapper (ETM+). These satellite based sensors have also been used in some 

ocean colour research (e.g. Barnes et al. 2014; Ekstrand 1992; Hu 2009), and a key 

benefit of Landsat is its high spatial resolution of approximately 30 metres. However, 

Landsat platforms and sensors were designed primarily for land based applications, thus 

their products are less suitable than those of other sensors developed for the purpose of 

ocean colour monitoring. In more recent years, instruments on board Copernicus 

Sentinel-3A and Sentinel 3B (including the ocean and land colour instrument (OLCI) and 

the Sea and Land Surface Temperature Instrument (SLSTR)) have been used in several 

assessments of water quality of inland lakes and relatively shallow estuarine and coastal 

areas (Liu et al. 2021; Lyu et al. 2020; Soomets et al. 2020; Urquhart and Schaeffer 2020) 

as well as for phytoplankton bloom detection (Polikarpov et al. 2021). The two Sentinel-

3 satellites have sun-synchronous orbits which enable daily revisit time for SLSTR and 

less than two day revisit time for OLCI at the equator (ESA 2022). The core focus of 

Sentinel-3’s OLCI is continuity of the Envisat MERIS capability, but with a number of 

improvements (EUMETSAT 2018). The Sentinel-3 products have relatively high spatial 

resolution of ~300 m and moderate spectral resolution (21 bands) (refer Table 1.1) and 

the sensors are therefore quite powerful in their monitoring capabilities.  
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Although there are more recently developed sensors in orbit today, NASA’s MODIS is 

arguably the most successful ocean colour sensor launched to date. MODIS operates on 

board two satellites, Terra and Aqua. Terra was launched in 1999, while Aqua was 

launched in 2002. Both sensors are operational today and have exceeded their designed 

life expectancy, although Terra began to drift in 2020 (Thome 2022). Terra is also 

affected by calibration issues which affect ocean colour estimates (Bierman 2010) 

MODIS therefore provides the longest temporal record among the satellite based sensors 

designed for ocean colour applications. Estimating ocean colour and water quality from 

MODIS provides a powerful source of data as it allows worldwide coverage of marine 

components, measured consistently at regular intervals, and is a useful method for 

monitoring ocean state (Devlin et al. 2015). This provides the basis for the justification 

of using MODIS data throughout this thesis.  
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Table 1.1: Satellite sensors capable of and used for ocean colour measurements. 

Sensor(s) Satellite platform  Operation Number of 

bands 

Spatial 

resolution (m) 

Revisit frequency 

of satellite 

platform 

MODIS Aqua Aqua 2002 - present 36 250, 500, 1000 Daily 

Thematic Mapper (TM) 

and Enhanced 

Thematic Mapper 

(ETM+) 

Landsat -5 and Landsat 

-7 

1984 - 2017 7 30 8 days 

SeaWIFS SeaStar 1997 - 2010 8 1100 Daily 

CZCS Nimbus 7 1978 - 1986 6 825 6 days 

MERIS Envisat 2002 - 2012 15 300 3 days 

Global Imager (GLI) ADEOS II 2002 - 2003 36 250, 1000 4 days 

Ocean and Land Colour 

Instrument (OLCI) 

Copernicus Sentinel-3 2016 - present 21 300 Daily 

Hyperion Earth-Observing 1 (EO-

1) 

2000 - 2017 220 30 16 days 



 

 

1.1.5.2 Standard ocean colour algorithms 

Detecting changes in water quality with remote sensing techniques relies on the 

development of both sensors and ocean colour algorithms applied to satellite imagery. 

As several factors can influence ocean colour, marine waters have been segregated into 

two distinct classes, Case 1 and Case 2, to distinguish between the primary causes of 

ocean colour (Bierman 2010). Case 1 waters are characterised as those which are 

predominantly clear, but are affected principally by phytoplankton. Case 2 waters are 

coastal and estuarine waters where other constituents affect ocean colour, i.e. not just 

phytoplankton and related particles, but also other substances such as inorganic particles 

in suspension and chromophoric dissolved organic matter (CDOM) which vary 

independently of phytoplankton (IOCCG 2000). This makes Case 2 waters more optically 

complex than Case 1 waters, and the algorithms needed to assess ocean colour 

components in either case, different (IOCCG 2000).  

1.1.5.2.1 Chlorophyll-a 

The standard chl-a product distributed by NASA’s Goddard Space Flight Centre is an 

estimate in units of mg m-3 (equivalent to µg L-1) arising from the OC3M algorithm, which 

is based on the SeaWiFS OC4v4 algorithm (O'Reilly et al. 2000). These algorithms were 

developed for application in Case 1 waters.  The in situ dataset used to calibrate and 

develop the OC3M algorithm consists of 2,853 observations from a range of marine 

environments with varying optical properties and is the largest dataset ever configured 

for algorithm refinement (O'Reilly et al. 2000). This empirical algorithm is a three-band 

operational algorithm and uses the maximum blue/green band ratio (Pereira and Garcia 

2018). It has been thoroughly reviewed in its effectiveness to accurately estimate chl-a 

concentrations in marine waters (Bierman 2010; Blondeau-Patissier et al. 2014). In 

many studies where OC3M algorithm estimates were compared against in situ data of 

the same area, OC3M performed consistently well and was often most accurate when 

compared to other algorithms predicting chl-a and field sampled data (Bierman 2010; 

Tilstone et al. 2013; Chaves et al. in press).  
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The relationship between chl-a concentration and remote sensing reflectance (Rrs) 

follows the equation: 

𝐶ℎ𝑙𝑜𝑟𝑎 =  10 ^ (𝑎0 + 𝑎1𝑅3𝑀 +  𝑎2𝑅3𝑀
2 +  𝑎3𝑅3𝑀

3 + 𝑎4𝑅3𝑀
4 ) 

Where     𝑅3𝑀 =  𝑙𝑜𝑔10[𝑅550
443 +  𝑅550

490] 

The argument of the logarithm is a representation of the maximum of the ratios of remote 

sensing reflectance at 443 nm (SeaWiFS Band 9) to 550 nm (SeaWiFS Band 12) and 490 

nm (SeaWiFS Band 10) to 550 nm (SeaWiFS Band 12) (O'Reilly et al. 2000; Bierman 

2010). 

A number of other ocean colour chl-a algorithms have been developed in recent decades. 

Some of these are described as “semi-analytical” and rely on physical modelling of in-

water radiative transfer processes (inherent optical properties (IOP) of backscattering 

and absorption) alongside aspects of the model expressed by empirical relationships 

(CRCSI 2021; Tong et al. 2022). A benefit of these algorithms is they enable users to 

estimate a number of water quality properties from a single water leaving radiance 

spectrum. The Garver-Siegal-Maritorena (GSM01) algorithm was developed for Case 1 

waters and relates the normalised water-leaving radiance (Lwn) to IOP of backscatter and 

absorption and their components (Garver and Siegel 1997; Maritorena et al. 2002). 

Subsequent inversion of the model allows users to determine chl-a absorption and 

therefore, phytoplankton biomass (Maritorena et al. 2002; Pereira and Garcia 2018). 

There have also been several algorithms adjusted to increase accuracy at local and 

regional scales in particular locations (e.g. Ab Lah et al. 2014; Chen and Quan 2013; Tong 

et al. 2022).  

The optical complexity of Case 2, turbid and coastal waters means that applying Case 1 

algorithms is generally regarded to be unreliable in measuring coastal water quality 

among the remote sensing community (Acker et al. 2005; CRCSI 2021; Darecki et al. 

2003; IOCCG 2000; Kampel et al. 2007). Previous research proposed that algorithms 

could be selected based on relative contributions of three major absorbing substances in 
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Case 2 waters (CDOM, phytoplankton and detrital material) and how they modify the 

spectral signature of a water body (IOCCG 2000). This suggests up to 9 optical classes of 

water bodies can be established, with only one fitting the Case 1 definition (Darecki et al. 

2003) and demonstrates the challenges of identifying a generally applicable algorithm 

which can be applied to satellite imagery across any water body. Some Case 2 algorithms 

have consequently incorporated red and NIR bands into algorithms to account for other 

coloured and suspended matter in water columns (Gitelson et al. 2009; Ruddick et al. 

2001). 

There has been substantial effort to improve the standard algorithms for estimating a 

number of optical properties in Case 2 coastal ocean environments, including those 

affected by river plumes (Ab Lah et al. 2014; Babin et al. 2012; Chen and Quan 2013). 

However, there is evidence that algorithms developed for Case 1 waters can be usefully 

applied to study Case 2 waters. For example, Tilstone et al. (2013) found the OC3M 

algorithm performed better in coastal Case 2 waters of the eastern Arabian Sea when 

compared to GSM and GIOP chl-a algorithms. The OC3M estimations were found to be 

within 11% of in situ measurements of chl-a, compared 24% and 55% for the GSM and 

GIOP algorithms, respectively. Interestingly, the eastern Arabian Sea’s water quality is 

affected by river runoff from a number of rivers (Rivers Perivar, Mahi, Narmada, Indus 

and Hab) as well as winter convection and monsoonal upwelling. The relatively good 

performance of the standard OC3M algorithm in these complex waters indicate that Case 

1 algorithms can still be useful in Case 2 waters. Similarly, application of semi-analytical 

algorithms (GSM and Carder algorithms) in the La Plata basin were not found to be 

significantly more accurate than empirical OC4v4 models (Garcia et al. 2006). This 

region also receives river discharge from the Parana and Uruguay rivers. These studies 

demonstrate that there is no single, best, standard algorithm for use in Case 2 waters for 

estimating chl-a concentrations and phytoplankton biomass.  
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1.1.5.2.2 Other useful ocean colour products 

A number of algorithms have been designed to detect and estimate concentrations of 

coloured dissolved organic materials (CDOM), turbidity, particulate organic carbon 

(POC) and particulate inorganic carbon (PIC) from satellite imagery. These have also 

been developed and validated to varying degrees in a variety of locations. In addition to 

the standard OC3M and GSM ocean chl-a MODIS products, POC estimates from MODIS 

ocean colour imagery is also distributed by NASA. POC is produced by phytoplankton 

during photosynthesis. Oceanic POC particles consist of autotrophic and heterotrophic 

microorganisms and biologically derived detrital particles suspended in seawater 

(Stramska 2009). In addition to phytoplankton (where biomass is indicated by chl-a 

concentration), POC is a crucial part of the ocean’s “biological pump” (Stramska 2009; 

Stramski et al. 2008). Estimates of POC are calculated from an empirical relationship 

between in situ measurements of POC and blue-to-green band remote sensing 

reflectance. The algorithm to calculate POC for MODIS imagery is a power-law 

relationship based on a ratio of remote sensing reflectance (Rrs) at Rrs 443 (Band 9) and 

Rrs 547 (Band 12) and POC:  

𝑝𝑜𝑐 = 𝑎 ×  (
𝑅𝑟𝑠(443)

𝑅𝑟𝑠(547)
)

𝑏
  

Where 𝑎 = 203.2 and 𝑏 = -1.034.  

Coccolithophores produce POC via removal of carbon for photosynthesis and supply 

waters with carbon via calcification and production of PIC. PIC estimates are calculated 

using a semi-analytical reflectance model which calculates normalised water leaving 

reflectance from a backscattering coefficient, a diffuse attenuation coefficient and a term 

for backscattering due to coccolithophores (Mitchell et al. 2017). These are also used in 

chl-a concentration estimations meaning that between a particular range of PIC (0–3.3 

mmol m−3) and chl-a (0–10 mg m−3), PIC concentration can be determined via a look 

up table (developed by Balch et al. 2005; Mitchell et al. 2017).  The ratio between POC 

and PIC is sometimes used to infer whether an analysed region or waterbody could be a 

sink or source of atmospheric CO2 (CRCSI 2021; Gerecht et al. 2014). PIC is therefore 
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also useful in ocean colour and water quality investigations (Balch et al. 2007; Hovland 

et al. 2013; Sadeghi et al. 2012).  

In addition, a basic indicator of turbidity is useful in ocean colour remote sensing 

research to provide further context to and classification of coastal and open ocean waters. 

These measurements can indicate the relative amount of detrital material, suspended 

sediments, aquatic carbon and CDOM in coastal and open ocean waters. Several studies 

have concluded that the strongest relationship between suspended sediments and 

reflectance of water is observed in red and near infrared bands (Dogliotti et al. 2015). In 

fact, several studies have found strong correlations between the MODIS red band centred 

at wavelength 645 nm and general estimates of turbidity or suspended matter in waters 

(e.g. Aurin et al. 2013; Babin et al. 2012; Dogliotti et al. 2015; Kirk 1994). Indeed, a range 

of useful ocean colour algorithms and indicators are continually being developed, based 

on Earth observation data from local to global scales.  

1.1.5.3 Remote sensing to investigate river discharge plumes and influence 

River plumes can influence the salinity, temperature, water quality, vertical mixing and 

ambient velocities of the aquatic regions to which they discharge (Hamidi et al. 2017). 

They can also deliver harmful land-based pollutants and pathogens to coastal ecosystems 

(Costanzini et al. 2014; Hamidi et al. 2017). It is in this context that most remote sensing 

based research on river plumes has been conducted. It is clear that identifying the spatial 

extent of river plumes and the scale of their influence is important for management 

policy and environmental restoration plans. Remote sensing of water quality and 

turbidity is an efficient way of monitoring the spatial extent of river plumes over time 

when compared to traditional in situ based sampling. Studies that have employed remote 

sensing methods to determine the spatial and temporal extents of river plumes, usually 

under high flow conditions, have used a range of approaches and data products (e.g. 

Alvarez-Romero et al. 2013; Costanzini et al. 2014; Hopkins et al. 2013; Masotti et al. 

2018; Petus et al. 2014a; Petus et al. 2014b). Both Alvarez-Ramero et al. (2013) and Petus 

et al. (2014b) used supervised classification methods on MODIS ocean colour imagery 
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(including true colour imagery) to investigate potential risk to the Great Barrier Reef due 

to several river plumes. Similarly, Guo et al. (2017) used surface reflectance products 

from MODIS and the Geostationary Ocean Colour Imager (GOCI) satellite to investigate 

inter and intra-daily variation in coastal water salinity and turbidity due to Yellow River 

discharge. These studies have importantly improved the knowledge of river discharge 

influence on phytoplankton and productivity (including harmful algal blooms) in a 

number of regions. However, their methods are not necessarily transferrable to other 

systems in other locations because they have been tuned in accordance with both local 

knowledge, in situ measurements or with a level of subjective classification.  

It is important to understand the consequences of high nutrient loadings and pollutants 

delivered to coastal environments, including how damming and subsequent changes to 

suspended sediment in coastal waters will affect productivity (Chen et al. 2017) and to 

determine the inter- and intra-annual variation in river plume direction, extent, 

concentration and persistence. In many regions, the basic characterisation or 

identification of the maximum spatial extent of the coastal waters which rivers may 

influence, is not necessarily known (Fredston-Hermann et al. 2016). This lack of local 

knowledge contributes to a lack of knowledge on the influence of river plumes at the 

broader, global context. There is also a paucity of knowledge on the potential 

consequences if these flows remain low or are lost entirely for prolonged periods (Cloern 

et al. 2016; Masotti et al. 2018). This is critical as reduction of river flow volume and 

further changes in timing of peak river flow is likely to continue and become more severe 

due to climate and increasing anthropogenic dependency and interruption, as future 

projections suggest (Masotti et al. 2018). This research is increasingly important, as 

flows of many coastally discharging rivers around the world continue to change.   

1.1.6 Previous global scale ocean colour research 

The accuracy of climate change impact predictions on coastal marine ecosystems, 

depends on estimates of change in global scale ocean productivity (Behrenfeld et al. 

2016a; Boyce et al. 2010). Of global scale ocean productivity research which has been 
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conducted, most studies have effectively used satellite imagery ocean colour products. 

For example, a study by Polovina et al. (2008) used 9 years of SeaWIFS imagery products 

to investigate the world’s oligotrophic waters, where chl-a concentrations fall below 0.07 

mg m-3.  The authors found that these oligotrophic regions of the world’s ocean were 

expanding by 1-4% per year. These findings are consistent with the hypothesis that rising 

sea surface temperatures (SST products were also analysed in this study) will increase 

thermal stratification of ocean waters and reduce chl-a or phytoplankton biomass, and 

thus expansion of oligotrophic subtropical open ocean regions. While these global scale 

studies have advanced global climate predictions, coastal ocean regions or potential 

stimulative influence of river discharge on ocean productivity are often not considered.  

Coastal ocean regions make up only a small fraction of ocean area, yet disproportionately 

contribute to marine resources and biogeochemical processes. These regions therefore 

have important roles in several different global biogeochemical cycles (Charette et al. 

2016; Simpson and Sharples 2012). Despite this knowledge, these productive coastal 

regions are often excluded from global Earth system models that are used to project 

climate change impacts on marine ecosystems (Van Oostende et al. 2018). For example, 

Boyce et al. (2010) estimated the productivity of the global oceans but masked shallow 

(< 25 m deep) and coastal ocean regions from imagery (using a ~ 1 km buffer around 

continents). Most other global scale ocean productivity studies have taken similar 

approaches, excluding coastal data from analysis (e.g. Behrenfeld et al. 2016b; Gregg and 

Rousseaux 2019; Hammond et al. 2020). The purpose of this is usually to reduce 

overestimations due to optical errors in satellite derived products, which are more likely 

to be affected by bottom-reflectance or land contamination in shallow, near coastal areas. 

In the study by Boyce et al. (2010), the authors acknowledged that some influences on 

productivity, including that due to coastal runoff and river discharge, was outside the 

scope of their analysis. However, given that several global rivers have such large volumes 

of discharge that river plumes can extend several kilometres into open ocean regions 

(Babin et al. 2012; Constantin et al. 2018), river discharge may have a greater influence 

on ocean productivity than is currently recognised. Therefore, river discharge may effect 
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global scale estimates of ocean productivity, but this has not been studied explicitly to 

date and requires improved spatial analysis, methodology and approaches.  

1.1.7 Summary of knowledge gaps 

It is clear that although there has been increasing interest and need for investigation of 

river discharge influence on coastal waters, where this research has occurred, it has often 

been temporally or spatially limited. There is a clear paucity of knowledge on the effects 

of river discharge on coastal water quality and productivity in many regions of the globe, 

particularly under low or no flow conditions. However, this information is important to 

predict potential changes in coastal environmental conditions under a range of scenarios. 

A severe lack of long-term analyses on the prevalence and influence of river discharge on 

coastal water quality and productivity from local to global scales, also underpins our 

misunderstanding of the link between river discharge and coastal ecosystems, and 

undermines the sustainable management of these systems. Therefore, investigation of 

the relationship between these systems, and the development of new tools to enable long-

term analysis at moderate spatial and temporal resolution are both required. Given that 

global scale studies of damming, river flow and climate projections indicate global scale 

change in river flow, it is logical to suggest this will have global scale consequences for 

the conditions of coastal ocean waters and thus, ecosystems.  

In addition, the investigation of long-term trends in river flow in relation to the area of 

river discharge influence may indicate where nutrient ratios within river discharges have 

changed. For example, if a river’s discharge is reduced due to impacts of damming and 

water extraction but the area of river discharge influence is increasing, this may indicate 

a change in nutrient concentrations from river flow modification. This kind of research 

can also assist in estimating global scale changes in ocean productivity due to river 

discharge or due to changes in river discharge. This information is increasingly 

important, in order to predict and understand potential changes to occur in the future 

with changes to climate, river discharge and flow volumes and concentrations.   
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1.2 Aims and objectives of the research 

The overarching aim of this thesis is to investigate and build on the knowledge of the 

influence of river discharge on coastal waters from local to the broader, global scale. I 

develop novel, objective and simple tools and approaches using free, broad scale remote 

sensing ocean colour products to investigate the presence, absence, strength and spatial 

influence of river discharge on coastal water quality and productivity. Several major 

rivers are investigated, representing a range of global climates and discharge volumes, to 

demonstrate how river discharge may influence coastal waters across space and time 

under different flow conditions and across broad spatial and long temporal scales. 

The specific objectives of the research chapters are to: 

 Apply MODIS ocean colour imagery at the local scale for the purpose of 

investigating Murray River discharge (Australia), with particular interest in the 

contrasting effects of drought and high-flow periods and how they may influence 

the primary productivity and water quality of the adjacent coastal ocean.  

 Develop a per-pixel spatiotemporal analysis method based on MODIS satellite 

ocean colour products to objectively identify coastal ocean regions where water 

quality and productivity are most influenced by river discharge.  

 Use this method to determine whether the influence of river discharge on coastal 

chl-a and turbidity has changed over time in several global river systems via 

extraction and trend analysis of time series.  

These objectives also address the hypotheses that:  

 River discharge from the Murray is required for offshore stimulation of 

productivity. I.e. zero river-outflow from the Murray River (e.g. due to an extreme 

drought period in the South Australian region) results in greatly reduced coastal 

ocean productivity, whereas high flow periods result in high productivity in the 

coastal ocean.  
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 A strong positive relationship between river discharge and coastal productivity 

exists at the global scale - larger rivers with greater volumes of river discharge 

will have stronger influence on receiving coastal ocean waters indicated by higher 

concentrations and larger regions of elevated chl-a concentration. 

 Where declining trends in river discharge are present, declining trends in chl-a 

and turbidity in pre-identified regions of river influence will also be present due 

to positive relationships between these variables.  
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1.3 Thesis structure 

The thesis is organised into five chapters, with chapters 2 - 4 each presented in 

manuscript format. Chapters 2 and 3 have been published in peer-reviewed journals. The 

current chapter (Chapter 1) presents a general introduction to river discharge and the 

ecological significance of river plumes, knowledge gaps in the literature and remote 

sensing techniques for river plume and water quality monitoring. The broad, overarching 

aims and objectives driving the research are also described in this chapter. Due to the 

overlapping themes and literature used to investigate these aims, there is some necessary 

repetition of ideas and literature throughout the thesis. The final concluding chapter, 

Chapter 5, synthesizes the findings, summarises the significance and implications of the 

research work herein, describes limitations and suggests important avenues for future 

research.  

Chapter 2 is the first of three research chapters and investigates the implications of 

reduced Murray River flow due to a severe drought period and flooding events on coastal 

productivity and water quality. This chapter serves as a first approach towards 

understanding the influence of river discharge at a regional scale on South Australia’s 

coastal waters, where little is known about the effect of discharge, or lack thereof due to 

hydrological drought, on coastal water quality and productivity as indicated by chl-a.  

Chapter 3 develops a novel satellite imagery product based method to map, with greater 

objectivity, where coastal productivity (chl-a) is most strongly influenced by river 

discharge. Regions where chl-a is strongly linked to river discharge are identified for 

several rivers around the globe.  

Chapter 4 delves deeper, applying the method developed in Chapter 3 to further 

characterise changes in productivity and turbidity levels of coastal waters due to river 

discharge, for six river discharge receiving coastal regions around the world, 

representing a diversity of systems. Trend analysis is also conducted on time series of 

river discharge, chl-a and turbidity in this chapter.  
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Abstract 

River discharges are decreasing in many regions of the world; however, the consequences 

of this on water quality and primary productivity of receiving coastal oceans are largely 

unclear. We analysed satellite remote-sensing data (MODIS) of the coastal ocean zone 

that receives discharge from the Murray River, from 2002 to 2016. This system has 

experienced historical flow reductions and a recent extreme hydrological ‘Millennium’ 

drought. Remotely sensed chlorophyll-a and particulate organic carbon in the coastal 

ocean were strongly correlated with river discharge (R2 > 0.6) in an 8 km radial buffer 

zone from the Murray Mouth, and the river influence extended up to 60 km from the 

Murray Mouth during high-flow periods. This distance was approximately three times 

greater than the freshwater plume extent during maximum flows in 2011, suggesting that 

new primary productivity was created. In contrast, there was no additional coastal ocean 

productivity above background levels from 2007 to 2010 when river discharge ceased. 

Hindcast calculations based on historical flows from 1962 to 2002 suggest that declining 

Murray River flows have greatly reduced primary productivity in adjacent coastal waters. 

This has potential consequences for higher trophic levels and should be considered in 

future management planning. 
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2.1 Introduction 

Many river systems around the world are stressed because of excessive water extraction 

for irrigation, industrial use and river regulation. These stressors can affect the natural 

variability and volume of freshwater discharge from rivers to oceans. Climate change is 

further altering discharge patterns of many rivers, in terms of both magnitude and 

variability (Milly et al. 2005), as well as causing increasingly frequent and severe 

droughts (Dai 2012). This will undoubtedly result in increased frequency and length of 

extreme low-flow periods in many rivers in the future. 

Changes in river discharge volumes and patterns influence coastal water quality and 

ecosystems by modifying the supply of dissolved (e.g. nutrients) and suspended material. 

Many previous studies have focused on the potential negative effects or risks of river 

discharge to marine ecosystems as a result of transport of land-based pollutants from 

rivers to oceans (Alvarez-Romero et al. 2013; Costanzini et al. 2014; Petus et al. 2014a, 

2014b; Yu et al. 2014; Devlin et al. 2015; Fernández-Nóvoa et al. 2015). However, 

currently there is limited understanding of how altered, reduced or complete lack of flow 

of freshwater affects estuarine and open coastal marine systems (Gillanders and 

Kingsford 2002). Acker et al. (2005) found that phytoplankton biomass in the nutrient-

limited region near the mouth of Chesapeake Bay was significantly higher during an 

extremely high flow period than during an extremely low flow drought period. This was 

due to delivery of excess nutrients by the Susquehanna River into the bay, leading to 

increased phytoplankton biomass, turbidity and eutrophication. The study by Acker et 

al. (2005) was temporally limited and investigated effects on productivity caused by flow 

only for 2 years. Gong et al. (2006) suggested that a reduction in primary productivity 

observed in the East China Sea was the indirect consequence of construction of the Three 

Gorges Dam, which altered and reduced discharge and nutrient contributions from the 

Yangtze River and, therefore, nutrient ratios in the sea. Similarly, Black et al. (2016) 

found that the highest abundances of pink snapper (Chrysophrys auratus) larvae in Port 

Phillip Bay (Australia) occurred during years of low to intermediate flow and nutrient 

inputs from the Yarra River, whereas the lowest larval abundances occurred in years of 



 

42 
 

very high, very low or no freshwater flows. Although studies such as these provide 

evidence of the effects of changes to discharge on coastal ocean productivity and water 

quality, these findings are neither directly comparable to the influences of prolonged 

drought nor the compounding effects of over allocation and extraction of river water over 

the longer term. The potential consequences of lack of flow on coastal ocean productivity 

is, therefore, poorly understood and requires more research. 

Satellite remote sensing offers opportunities to monitor ocean and water quality across 

broader spatial and temporal scales than do traditional in situ sampling techniques. 

However, together with in situ sampling of water-quality parameters, satellite remotely 

sensed data have greatly enhanced our knowledge about composition, occurrence and 

extension of river discharge (indicated by river plumes) in coastal waters (Petus et al. 

2014b). It is a useful tool that can quantify several biophysical variables to examine 

changes in ocean productivity (Alvarez-Romero et al. 2013). These variables include 

coloured dissolved organic matter (CDOM), sea-surface temperature (SST), particulate 

organic carbon (POC), particulate inorganic carbon (PIC) and chlorophyll-a (chl-a). 

Each of these components reflects, scatters and backscatters solar energy that can be 

measured by remote-sensing instruments. Remotely sensed chl-a concentration, for 

example, is widely used as a proxy for measuring phytoplankton biomass in the upper 

surface layers of the ocean (Acker et al. 2005; Rinaldi et al. 2014; Harvey et al. 2015). 

Monitoring these variables enables assessment of water quality over large areas and 

periods of time, as well as the response of variables to prolonged changes in 

environmental conditions such as drought. 

The Murray River is Australia’s largest and most important river system, and its flow 

regime has changed considerably over the past century with construction of weirs, dams 

and levees (Maheshwari et al. 1995). Large-scale water extraction predominantly for 

irrigated agriculture has also occurred and greatly reduced total flow through to the end 

of the river system and coastal ocean. The basin-wide water extraction has made the end 

of the river system increasingly susceptible to hydrological drought. Consumptive water 
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use has reduced the average annual discharge at the Murray Mouth by 61%. Water now 

ceases to flow from the Murray Mouth 40% of the time, compared with 1% of the time 

before water-resource development (CSIRO 2008). Discharge from the Murray River 

between 2001 and 2010 were extremely low in the period now known as the ‘Millennium 

drought’ (Geddes et al. 2016). From 2007 to 2009, the river flows were so low that the 

river ceased to discharge to the ocean (Mosley et al. 2012). Following the end of the 

Millennium drought, there was a large flooding event across the Murray– Darling Basin 

in 2011–2012 that resulted in a high discharge to the coastal ocean. The longer-term flow 

reductions and the Millennium drought have had severe ecological consequences on the 

Lower Lakes, Coorong (see Figure 2.1) and floodplain wetland systems at the end of the 

river system (Kingsford et al. 2011; Pittock and Finlayson 2011). However, the 

implications of reduced river discharge and flooding on coastal ocean productivity have 

not been assessed for this important river system. 

The aim of the present study was to apply MODIS ocean colour imagery for the purpose 

of investigating Murray River discharge, with particular interest in the contrasting effects 

of drought and high-flow periods and how they may influence the primary productivity 

and water quality of the adjacent coastal ocean. We hypothesised that the zero river-

discharge (extreme drought) period from 2007 to 2010 would result in greatly reduced 

coastal ocean productivity, whereas the high flow post-drought period (2011–2012) 

would result in high productivity in the coastal ocean. We use remotely sensed MODIS 

satellite imagery (available since 2002), hydrological data and hindcast simulations 

based on historical river flow, to address these questions. The findings are likely to be 

applicable to other large river systems that are experiencing reduced discharge as a result 

of water extraction, river regulation and climatic effects. 
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Figure 2.1: Study area showing location and extent of Australia’s Murray–Darling Basin  

(a) and  the course of the Murray River in South Australia and as it flows into the Lower 

Lakes (Lake Alexandrina and Lake Albert) and Coorong (b). Also depicted is the 

rectangular 130-km-long query zone, divided into 10-km increments. (c) The South 

Australian coast, indicating the location of the Murray Mouth where water from the 

Murray River and Lower Lakes drains into the Southern Ocean. The barrages and Milang 

are also depicted (sources of outflow and water-quality data) and the 8-km radial query 

zone.  
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2.2 Materials and Methods 

2.2.1 Study area 

The study area (Figure 2.1) comprised the coastal ocean zone outside of the Murray River 

Mouth, which is at the terminus of the Murray–Darling Basin and has a total catchment 

area of 1 061 469 km2 (equivalent to 14% of Australia’s total area). Prior to reaching the 

Murray Mouth, the river channel first discharges into two large (821.7-km2 total surface 

area) and shallow freshwater lakes (Lakes Alexandrina and Albert, known as the Lower 

Lakes). Water levels in the Lower Lakes and discharges to the Murray Mouth area are 

regulated by a series of barrages completed in the late 1940s to prevent seawater 

intrusion into the lakes as water resource development in the Murray–Darling Basin 

began to exacerbate this effect. 

2.2.2 Hydrological and water-quality data 

A time series of daily discharge data from the barrages to the Murray Mouth was obtained 

from the Department of Environment, Water and Natural Resources (South Australia) 

for the period 1962–2017. The discharge was estimated from water levels measured 

upstream and downstream of the barrages, coupled with rating curves for the structures, 

and number of barrage gates opened. Unfortunately, it is not possible to measure 

discharge directly at the Murray Mouth site because of its shifting and dynamic nature. 

The accepted method for discharge estimations (used by The Department of 

Environment, Water and Natural Resources and SA Water) is based on the sum of 

estimated flow over all barrages. The majority of flow from the barrages exits directly out 

the Murray Mouth, some of the flow (particularly from the southern-most Tauwitchere 

barrage) can mix into the Coorong temporarily. 

Nutrient loads exported with the water from the Murray Mouth were calculated. Long-

term (2002–2017) water-quality data from Milang in Lake Alexandrina (Figure 2.2) were 

provided by the South Australian Environment Protection Authority (SA EPA). 

Unfortunately, sufficient data of nutrients exported at the Murray Mouth and barrages 

do not exist. This means that Milang, a long-term site for measurement of lake water-
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quality parameters, is used to estimate nutrient loadings because (1) it has the longest 

water-quality record, (2) it has been found to best represent the mass balance of nutrients 

in the lake (Mosley et al. 2012) and (3) water in Lake Alexandrina has a short residence 

time and the water quality is generally similar to that in locations nearer the barrages, 

except during the 2007–2010 extreme low flow, drought period where there was saline 

seepage back into the lake from the barrages (Stone et al. 2016). These data were 

collected on an approximately fortnightly to monthly basis and analysed for total 

nitrogen (TN) and phosphorus (TP) by using methods described previously (Mosley et 

al. 2012). For the purposes of calculating daily loads through the Murray Mouth, daily 

water-quality concentrations were interpolated using a cubic interpolation in MATLAB 

(MathWorks Australia, Sydney, NSW, Australia) and multiplied by the estimated daily 

discharge volume. These interpolations showed good representation of the measured 

data (see Figure A1, Appendix A).  

Additional coastal ocean water-quality data collected in situ along a transect on 25 

February 2011 (high-flow period) were provided by the SA EPA. Continuously logged 

salinity data were collected by a calibrated water-quality sonde (YSI Pro Plus, Yellow 

Springs, OH, USA). Grab samples were also collected at 10 locations along the transect 

and analysed for turbidity by standard methods (Mosley et al. 2012). 



 

47 
 

 

Figure 2.2: Murray River flow time series, total nitrogen and total phosphorous loadings. 

(a) River flow (upstream at Lock 1) and outflow to the Murray Mouth and coastal ocean 

(sum of barrage outflows) from 1962 to 2016, and (b) outflow, and (c) total nitrogen (TN) 



 

48 
 

and (d) total phosphorus (TP) loads from 2002 to 2016 to the Murray Mouth and coastal 

ocean. 

 

2.2.3 MODIS-Aqua satellite image products 

Imagery from the Moderate Resolution Imaging Spectroradiometer (MODIS) was used 

in the present study, and has been used previously in several other coastal-water studies 

(Bierman et al. 2011; Petus et al. 2014a; Chaves et al. 2015; Devlin et al. 2015; Liu et al. 

2015). The MODIS sensor is aboard the polar orbiting satellite Aqua, launched in July 

2002, and captures the entire Earth surface every 1–2 days. 

We used the following four standard MODIS–Aqua Level-3 mapped data products: chl-

a, POC, PIC and SST. These products are free to access on the NASA Ocean Colour 

website (https://oceancolor.gsfc.nasa.gov, accessed 6 November 2017) where details of 

their respective algorithms are also described 

(https://modis.gsfc.nasa.gov/data/dataprod/, accessed 6 November 2017). Briefly, the 

MODIS–Aqua chl-a product uses the OC3M formula, the standard chl-a algorithm 

distributed by NASA’s Goddard Space Flight Centre based on the SeaWiFS OC4v4 

algorithm (O’Reilly et al. 2000). It is calculated using an empirical relationship derived 

from in situ measurements of chl-a (a dataset consisting 2853 observations from a range 

of marine environments; O’Reilly et al. 2000) to the ratio of above-water reflectance at 

blue and green wavelengths (443–565 nm) and has been recommended for use in South 

Australian waters. Particulate organic carbon (POC) is calculated using an empirical 

relationship derived from in situ measurements of POC and blue-to-green band ratios of 

reflectances. Particulate organic carbon (POC) consists of autotrophic and heterotrophic 

microorganisms and biologically derived detrital particles suspended in seawater 

(Stramska 2009). The algorithm used to determine PIC from satellite imagery has been 

developed using observed in situ relationships among water leaving radiances, spectral 

backscattering coefficients and concentrations of calcium carbonate (Ackleson et al. 

1988; Balch et al. 1989). This is the standard product algorithm included as part of the 

https://oceancolor.gsfc.nasa.gov/
https://modis.gsfc.nasa.gov/data/dataprod/
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standard MODIS Level-2 ocean-colour product suite and the Level-3 PIC product suite. 

The MODIS SST product was used to retrieve the temperature of the ocean surface; 

specifically, the 11-mm daytime product was used, which follows field-based 

measurements well in South Australia’s coastal waters (Bierman 2010). 

The OC3M algorithm is best suited for use in Case-1 waters (clear waters predominantly 

affected by phytoplankton) and is known to produce overestimates when used in Case-2 

optically complex waters where visible amounts of suspended materials in the water 

column interfere. It has also been validated in South Australian waters by Bierman 

(2010). During high flows, suspended materials in the Murray River plume are visible 

close to the coast. However, these drop out quickly (i.e. within 10-km turbidity is, 4 NTU; 

see Figure A2, Appendix A). Our zone of interest encompassed a larger area, up to 130 

km from the Murray Mouth, and, consequently, use of the OC3M algorithm was 

considered most appropriate. 

2.2.4 Image analysis 

In total, 174 monthly composite images at 4-km spatial resolution of each product were 

downloaded, where each image is an average of all clear observations for each calendar 

month. Together, the 174 images are a complete temporal coverage of MODIS–Aqua at 

the time of the study (July 2002 to December 2016). Although these products can also be 

obtained at daily and weekly temporal resolution, cloud cover results in significant 

numbers of missing pixels. Hence, we used monthly composite images as this temporal 

resolution was sufficient for our purpose and minimising missing pixels was a priority. 

All MODIS data were projected to the geographical coordinate system WGS_1984. So as 

to determine the temporal characteristics of chl-a, POC, PIC and SST in the ocean 

adjacent to the Murray Mouth in relation to flow, the mean, maximum, minimum, range 

and standard deviation statistics were extracted from the data. First, an 8-km radius 

from the Murray Mouth was queried, which encapsulated the first six pixels nearest this 

point. In several instances, the closest two pixels to the Murray Mouth contained no data, 
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a result of their exclusion because of either extended periods of cloud cover or because 

the values are outside the range of the algorithm, because of land ‘contamination’. 

To create Hovmöller-type distance–time plots of each variable, a much larger area was 

assessed, which extended up to 130 km from the Murray Mouth, divided into 10-km 

incremental zones (see Figure 2.1b). A rectangular area or ‘corridor’ ensured that 

approximately the same number of pixels at each incremental zone was queried, with the 

exception of the first three zones (accounting for the first 30 km of the incremental query 

area closest to the mouth), which included some of the land mask. The extent and 

direction of the query area incorporated the direction of the river plume (interpreted 

from viewing monthly composite imagery across years of high flow). It also deliberately 

excluded a known near-shore area of seasonal upwelling, to the south-east of the study 

area (Auricht 2015; Kämpf2015; Kämpf and Kavi 2017) to further exclude contributions 

independent of discharge. Mean concentration statistics were then extracted for each 

distance-from-mouth zone, and every monthly composite image for all four of the 

variables. The means were then displayed in distance–time plots. 

2.2.5 Extrapolation to historical flow dataset 

Pearson’s correlation was calculated for the 8-km query area to assess the strength of 

relationships between barrage flow and remotely sensed ocean variables. This was done, 

first, on each variable’s complete dataset, including dates with no data or where flow was 

equal to zero, and, second, excluding dates with no data or where mean monthly flow 

was 10,000 ML. The aim of excluding values of flow below 10,000 ML per month was to 

reduce potential bias at low flows. However, because this did not result in any great 

change in strength of correlations (e.g. R2 of 0.61 for POC increased to R2 of 0.64 when 

data points below 10 000 ML were excluded), these data were not presented. The derived 

linear relationship from the correlation analysis for the 2002–2016 period was then used 

to predict historical chl-a and POC concentrations for the full historical barrage 

discharge dataset (December 1962 to January 2017). 
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2.3 Results 

2.3.1 River discharge and nutrient loads 

The discharge from the Murray River system to the coastal ocean from 1960 to 2016 

showed that higher, more frequent discharge occurred before the ‘Millennium’ drought 

(2001– 2010, Figure 2.2a). The discharge in the 2002–2017 MODIS study period is 

shown in Figure 2.2b. Only minor discharges occurred from 2002 to 2006. There was 

zero discharge from river to the sea from 2007 to September 2010. A high-flow event 

occurred from 2011 to 2012, moderate flows from 2013 to 2015, and a recent high-flow 

event occurred in late 2016. Total nutrient (TN and TP) loads to the coastal ocean showed 

very similar patterns to the river water discharge (Figure 2.2c, d). This indicates that 

discharge is a good proxy for the total nutrient load to the coastal ocean. 

2.3.2 Near-shore temporal patterns in water quality and primary productivity 

A comparison of the MODIS POC and chl-a data products for the whole study area in a 

high-flow period (May 2011) and no-flow, extreme-drought period (May 2008) is shown 

in Figure 2.3. In the high-flow conditions (Figure 2.3b, d), there was elevated chl-a and 

POC in a plume extending, 50–60 km from the Murray Mouth, which was absent in the 

low-flow conditions (Figure 2.3a, c). Analysis of the full MODIS time series in the 8-km 

radial zone from the Murray Mouth showed that the monthly mean POC and chl-a 

concentrations were highest at times of large river discharge, namely between September 
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2010 and January 2013, and late 2016 (

 

Figure 2.4). During no-flow and very low flow periods, there was a strong seasonal 

pattern for both POC and chl-a that is independent of flow from the Murray Mouth. 

However, small deviations above the seasonal cycling patterns were apparent during 

minor river-discharge periods (i.e. higher chl-a and POC concentrations occur during 

September and October 2003 and October and November 2005). In contrast, large 

increases in concentrations above the seasonal patterns were apparent during times in 

which mean barrage flow exceeded 10 000 ML per month. The linear regression analysis 

results further supported a strong relationship between barrage flow and primary 

productivity in the 8-km radial zone beyond the Murray Mouth (Figure 2.5). There was 

a strong correlation (R2 = 0.83) between chl-a concentration in this zone and river 

discharge for the 2002 to late 2016 period (Figure 2.5a). There was also a linear 

relationship between barrage flow and POC concentration but this correlation (R2 = 0.61) 
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was weaker than that for chl-a (Figure 2.5b). Correlations between both chl-a and POC 

with discharge decreased with an increasing distance from the Murray Mouth (refer to 

Figures A 3.1 and A 3.2 in Appendix A), but moderate correlations (R2  > 0.2 for POC and 

R2 > 0.4 for chl-a) were present up to the 50–60-km zone. Particulate inorganic carbon 

(PIC) showed a much more variable profile, with no clear relationship to discharge or 

season (Figure 2.6a). In contrast, the temporal profile for SST in the 8-km zone showed 

no clear relationship with river discharge (Figure 2.6b); however, a strong seasonal cycle 

was apparent, with high temperatures occurring between November and May and low 

temperatures between May and November. 

The in situ water-quality monitoring conducted at the time of maximum discharge in the 

whole MODIS-data period (February 2011) showed that a discernible influence of the 

river discharge on ocean salinity occurred up to, 10–25 km from the Murray Mouth 

(Figure 2.7). 

 

Figure 2.3: Example of MODIS–Aqua (monthly composite) satellite imagery products 

showing chlorophyll-a (chl-a) concentrations in the (a) no-flow period of May 2008, and 

(b) a high-flow period in May 2011, as well as particulate organic carbon (POC) 
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concentration for (c) the low-flow period in May 2008 and (d) high-flow period in May 

2011.  
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Figure 2.4: Temporal profiles for (a) mean chlorophyll-a (chl-a) concentration and (b) 

mean particulate organic carbon (POC) within an 8-km radial zone of the marine waters 

beyond the Murray River Mouth against river outflow for the period between July 2002 

and December 2016.  
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Figure 2.5: Relationship between (a) mean chlorophyll-a (chl-a) and (b) mean 

particulate organic carbon (POC) concentration with mean daily river (barrage) outflow 

within an 8-km radius of the Murray Mouth. 
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Figure 2.6: Temporal profiles for (a) the mean particulate inorganic carbon (PIC) 

concentration and (b) mean sea-surface temperature (SST) within an 8-km radial zone 

of the marine waters beyond the Murray River Mouth, showing against river barrage 

outflow for the period between July 2002 and December 2016. 

 



 

 

 

Figure 2.7: Continuous in situ transect data for salinity taken on 25 February 2011 during 

a high-flow event. 

 

2.3.3 Offshore temporal patterns in water quality and primary productivity 

Hovmöller distance–time plots for the incremental query zone up to 130 km from the 

Murray Mouth showed strong increases in chl-a (Figure 2.8) and POC (Figure 2.9) 

concentrations during the high flow period of 2011, when compared with the extreme-

drought period when there were no flows, in 2008. During the no-flow period, chl-a 

concentrations were very low, between 0 and 2 mg m-3, within 30 km from the Murray 

Mouth and coast (Figure 2.8b). However, during the high-flow period in May 2011, chl-

a concentrations up to 7 mg m-3 occurred as far as 20 km from the mouth and 

concentrations of 5–6 mg m-3 observed up to 30 km from the mouth (Figure 2.8c). 

A very similar pattern to chl-a was observed for POC for the no-flow 2008 and high-flow 

2011 periods (Figure 2.9). During the high-flow period, between February and July 2011, 
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mean concentration of POC was ~600 mg m-3 at 30 km from the Murray Mouth, with 

discernible influences up to ~60 km (Figure 2.9c). In contrast, mean concentration of 

POC was 300 mg m-3 in this zone during the extreme-drought (2008) period (Figure 

2.9b). 

 

Figure 2.8: Hovmöller distance–time plots, showing the mean chlorophyll-a (chl-a) 

concentration (mg m-3) in the incremental query zone (refer Figure 2.1) across (a) the 

whole MODIS–Aqua period, (b) the no-flow year 2008 and (c) high-flow year 2011. 
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Figure 2.9: Hovmöller distance–time plots showing mean particulate organic carbon 

(POC) concentration (mg m-3) for (a) the whole MODIS time series, (b) the no-flow year 

2008 and (c) high-flow year 2011, in the incremental study area extending to 130 km 

offshore from the Murray Mouth (see Figure 2.1). 

 

2.3.4 Hindcast mean chl-a and POC concentrations 

Figure 2.10 shows hindcast prediction of chl-a (Figure 2.10a) and POC (Figure 2.10b) 

concentrations from 1962 to 2017, produced using the full historical discharge dataset 

and the regression equation derived from the correlation analysis (Figure 2.5). These 

results suggest that before the Millennium drought, which began in the early 2000s, both 

chl-a and POC concentrations were more frequently higher in the 8-km (and wider ~60 

km) zone beyond the Murray Mouth (Figure 2.10a, b), because there were more regular 

high-flow periods at this time (Figure 2.2a). The hindcast also suggested that the more 
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recent, post-Millenium-drought high-flow events (2011 to 2012, and late 2016) had an 

influence of similar magnitude to the high flows in the pre-2000 period. 

 

Figure 2.10: (a) Hindcast prediction of chlorophyll-a (chl-a) concentration in 8-km radial 

zone of Murray Mouth, produced using linear equation derived from linear regression 

analysis between barrage flow day1 and chl-a concentration, and (b) hindcast prediction 

of particulate organic carbon (POC) concentration, produced using equation derived 

from linear regression analysis between barrage flow/day and POC concentration. 
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2.4 Discussion 

The results indicated that there are broad-scale temporal and spatial implications of 

reduced Murray River discharge on coastal ocean productivity. The MODIS–Aqua 

satellite-imagery time series enabled investigation of the effect of flow on coastal marine 

productivity beyond the Murray Mouth during the period from mid-2002 to late 2016, 

encompassing not only periods of prolonged drought (from early 2000 to August 2010) 

and including extreme drought (2007–2010), but also periods of high flow (2011–2012 

and recently in late 2016). The results support our hypothesis that the coastal ocean 

environment beyond the Murray Mouth would have a much lower productivity 

(indicated by the chl-a concentration) during the prolonged period of drought with no 

contributions of freshwater flows, than during the high-flow, post-drought period. 

A notable increase in chl-a and POC concentrations was observed within 8 km of the 

Murray Mouth at times of high flow, compared with low chl-a and POC concentrations 

during times of no flow. Correlation analysis revealed strong relationships between mean 

barrage flow and chl-a concentration (R2 = 0.83) and POC concentration (R2 = 0.61) in 

this area (Figure 2.5). It is likely that a larger proportion of the chl-a and POC sensed in 

this region during high flows could result directly from the export of freshwater from the 

eutrophic Lower Lakes upstream of the barrages, rather than from new coastal ocean 

phytoplankton activity. The in situ monitoring data available during maximum discharge 

(February 2011) supported this because they showed that the discharge diluted salinity 

from ambient marine values within ~10–15 km of the Murray Mouth. 

It is possible that because of the shallow depth in the 8-km Murray Mouth zone (< 20 m, 

Geoscience Australia 2009), when flows are very low or cease, MODIS measurements 

may produce over-estimates of chl-a because of bottom reflectance (Bierman 2010). This 

would be less likely during times of high flow when the zone is turbid, because sources of 

error in these circumstances are more likely as a result of the presence of other 

constituents in the water column than bottom reflectance. Beyond, 10 km from the 

Murray Mouth, the depth of the water is greater than 20 m. Thus, ocean-colour estimates 
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should not be affected by bottom reflectance beyond this distance. Analysis of the MODIS 

data also showed that the influence of Murray River discharge on the coastal ocean is 

considerably far reaching, particularly during high flows. During the high-flow periods 

(from 2011 to 2012 and, more recently, late 2016), elevated bloom concentrations of both 

chl-a and POC extended up to >60 km beyond the Murray Mouth (Figure 2.8 and Figure 

2.9). It may also be possible that apparent chl-a and POC estimations are compromised 

by CDOM from the river discharge (which can interfere with estimates of blue to green 

reflectance ratios; Garcia et al. 2006; Kämpf 2015; Shanmugam 2011), in which case, they 

may actually be an estimation of combined CDOM and phytoplankton biomass. 

However, the observed zone of Murray River influence was at least three times greater 

than was the measured maximum extent of salinity dilution caused by the freshwater 

river plume (indicated by salinity; see Figure 2.7), and turbidity was substantially lower 

beyond 10 km from the mouth. This indicated that new coastal ocean productivity had 

been stimulated by the discharge. Further study and in situ sampling would be useful to 

validate this and the MODIS data under high-flow conditions. Nevertheless, these 

findings are also consistent with previous findings of extensive spatial influence of river 

plumes on the productivity of the coastal ocean in other locations (e.g. Smith and 

DeMaster 1996). 

The input of riverine dissolved nutrients can remove nutrient limitations that commonly 

provide a barrier to phytoplankton growth in the ocean (Acker et al. 2005), although 

removal of light limitations associated with high turbidity in near-shore areas may be 

required first (Smith and DeMaster 1996). Considering that much of the nutrient load 

exiting the Murray River system is in organic forms (Mosley et al. 2012), it appears likely 

that release of dissolved nutrients from breakdown of this organic material (e.g. by 

microbial breakdown and plasmolysis of freshwater phytoplankton cells as a result of 

osmotic shock; Hart et al. 1991) occurs and stimulates new ocean productivity. In 

contrast to POC, PIC showed no clear relationship with flow, which suggests that the PIC 

in the Murray River coastal zone is an insensitive indicator of the discharge of river water 

(usually unsaturated with CaCO3; Mosley et al. 2013). This could be due to CaCO3 
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mineral buffering mechanisms and suggests that PIC is a less useful variable for tracing 

riverine influences on the coastal ocean. Similarly, SST showed no discernible change as 

a result of the river flows, possibly because the river water temperature was either 

similar, or equilibrated quickly, to the coastal ocean water. 

During the extreme-drought period where no discharge occurred, remotely sensed chl-a 

and POC concentrations in the coastal ocean were much lower and there was no plume 

detectable in the MODIS data. Lower flows are now much more frequent on the Murray 

River system because of large-scale water extraction for agriculture and river regulation 

(CSIRO 2008). Hindcast extrapolations of the remotely sensed data (based on 

correlation with flow from 2002 to late 2016) suggested that coastal ocean productivity 

is likely to have been much greater in the past, before large-scale water extraction and 

river regulation (Figure 2.10). In particular, it appears that the frequency of high-

productivity conditions in the ocean beyond the mouth would likely have been much 

higher when flows were more frequent and voluminous than they have been in the past 

decade. In contrast, for long periods in the past 15 years, chl-a and POC have been within 

background seasonal concentrations. 

Because phytoplankton biomass is the base of the marine food web, population dynamics 

and abundance of higher trophic levels and fishery resources are likely to be affected by 

reduced flows and extended drought periods. Although a limited number of studies 

reflect on potential implications of a complete lack of river discharge on marine 

environments, it is generally understood that changing the scale, frequency and 

seasonality of river discharge can have severe impacts on species that require food pulses 

for successful reproduction or larval survival (Drinkwater and Frank 1994; Whitfield and 

Marais 1999). Several studies have identified important relationships between 

discharge-stimulated productivity and populations of marine species and habitats as a 

result of these controls (Burrage et al. 2002; De Robertis et al. 2005; Burla et al. 2010; 

Brookes et al. 2015; Black et al. 2016). There is also a critical period at the point of first 
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feeding by larvae where the presence of suitable amounts and types of food determine 

year-class strength (Hjort 1914). 

In the coastal Murray River region that we studied, there was evidence that reduced 

discharge during the Millennium-drought period negatively influenced the pipi (Donax 

deltoides) fishery in the region, where variability in freshwater flows explained 45% of 

the variability in the relative abundance of the bivalve mollusc (Ferguson et al. 2013). 

The declining abundance of mulloway fish (Argyrosomus japonicus) may also be partly 

explained by environmental limitations resulting from the lack of flow; these species 

show preference for turbid estuaries and are dependent on freshwater discharge to create 

environments suitable for recruitment (Ferguson et al. 2013). The relative rarity and 

diminishment of suitable freshwater flow into the remnant estuary and coastal ocean has 

thus placed high strain and pressure on the few strong year classes that have resulted 

from years of above average flow to continue the population (Ferguson et al. 2008). 

Considering this and the high age and size at maturity of A. japonicas (Griffiths 1996; 

Farmer 2008), extended periods of drought and reduced flow in the future could lead to 

a repeated failure of recruitment and, in an extreme scenario, cause local extinction of 

the species. These fisheries data strongly support wider implications of reduced Murray 

discharge and primary productivity on the adjacent coastal ocean. However, because the 

observed long-term decline in these species during the Millennium drought also 

occurred synchronously with severe overfishing (Ferguson et al. 2013), these additional 

effects on population dynamics also require consideration in management. 

Past decision-making on water allocation and management on the Murray River, 

including large water volumes allocated for extraction by irrigators, has previously failed 

to consider impacts on coastal environments outside the river system. The focus has been 

on maintaining sufficient flows to maintain regulated water levels, water allocations for 

irrigators, and sufficient quality to meet irrigation and drinking-water requirements. 

Dredging has been undertaken for considerable periods over the past 15 years to keep 

the Murray Mouth open in the absence of sufficient flows. The Murray–Darling Basin 
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Plan (MDBA2010) that is currently being implemented is recovering water from 

irrigators, by buy-backs and efficiency improvements, to return it to the environment. 

‘Maintaining an open Murray Mouth’ is an objective of the plan; however, beyond this, 

there is no consideration of the volume of discharge required to maintain coastal marine 

ecosystems. Of increasing concern are predictions that climate change will result in 

further discharge reductions (CSIRO 2008). Reducing discharge trends are occurring in 

many other global river systems as a result of climate change (10–40% reductions by 

2050; Milly et al. 2005). Hence, significant reductions in coastal ocean productivity are 

likely to occur adjacent to many other river systems in the future, with flow-on effects on 

dependent species (e.g. invertebrates, fish, water birds) and industries (e.g. fisheries, 

tourism). The effects of discharge on the health and resilience of coastal ocean 

ecosystems require improved consideration in river management plans. 

2.5 Conclusions 

The present study investigated, for the first time, how discharge reductions and drought 

on the Murray River affect primary productivity in the adjacent coastal ocean. MODIS–

Aqua ocean-colour products were analysed and chl-a and POC concentrations in the 

coastal ocean showed a strong positive correlation with river discharge, up to 60 km from 

the Murray River Mouth. The increases in  chl-a and POC during high flows were far 

greater than was the freshwater-plume extent, indicating that the discharge stimulated 

new ocean productivity. Hindcast simulations indicated that flow reductions on the 

Murray River have greatly reduced the productivity of the coastal ocean over the past few 

decades because of the largescale water extraction and a severe drought. This effect on 

the Murray River and coastal ocean and other large global river systems is likely to 

become more common as a result of climate change and other anthropogenic pressures. 

Higher trophic level (e.g. fish, shellfish, birds) productivity, recruitment and migration 

could also be greatly affected by declining primary productivity and could have severe 

implications for fisheries and, possibly, lead to the extinction of particular species. It 

would, therefore, be worthwhile in future research to also include investigation on these 

wider ecological impacts. 
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Appendix A 

A.1 Nutrient loading interpolations  

  

 

Figure A.1: Total Nitrogen (TN) and Phosphorus (TP) at Milang in Lake Alexandrina. The 

hollow circles are the measured data and the dashed line is the interpolated daily data 

using a shape-preserving piecewise cubic interpolation (“interp1” function) in 

MATLABTM.  

Figure A1 shows the interpolated TP and TN loadings represent the measured data very 

well.  
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A.2 Coastal Ocean in situ water quality  

  

Figure A.2: Salinity, turbidity and total organic carbon measured in samples collected 

from the coastal ocean during a high flow period (Feb-Mar 2011). The distance from the 

River Murray Mouth is indicated in the brackets after the sample site name. Source: 

Environment Protection Authority (South Australia).   
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A.3 Relationships at incremental distances from 
Murray Mouth 

 

 

Figure A.3.1: correlation coefficient between (a) mean barrage flow per month and mean 

chl-a concentration and (b) mean barrage flow (when >10,000ML) per month and chl-a 

concentration for each incremental distance from the Murray Mouth.  

 

 

Figure A.3.2: correlation coefficient between (a) mean barrage flow per month and mean 

POC concentration and (b) mean barrage flow (when >10,000ML) per month and POC 

concentration for each incremental distance from the Murray Mouth.  

Analysis of correlations at each incremental distance from the Murray Mouth 

demonstrates a stronger relationship between chl-a concentration and barrage flow 

closer to the Murray Mouth. Correlations are greatest in surface waters up to the 50-60 

km zone from the Murray Mouth (where R2 > 0.4) (Figure A.3.1). This is also the 
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observable trend for POC concentration in surface waters where the correlation 

decreases with increasing distance from the mouth (Figure A.3.2). 
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Chapter 3  

Mapping the long-term influence of river discharge 

on coastal ocean chlorophyll-a. 
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Abstract 

Although the potential of river discharge to support ocean productivity and marine 

ecosystems is known, the specifics of this relationship are poorly understood in many 

regions of the world. Global estimates of river flow indicate that river discharge is 

decreasing due to the increasing fragmentation, extraction and regulation of rivers. This 

likely means that the contribution of river flow to coastal productivity and water quality 

is changing, potentially leading to fewer and smaller magnitude ocean fertilisation 

events. We developed a simple analysis method, based on Earth observation data, to 

investigate where coastal ocean chlorophyll-a is most strongly influenced by river 

discharge. The per-pixel spatiotemporal correlation technique (implemented using 

Python) correlates chlorophyll-a concentration (a proxy for phytoplankton biomass and 

indicator of primary productivity) from MODIS ocean colour data with river discharge 

data. The method was tested globally on 11 different rivers discharging into coastal ocean 

regions. Our findings suggest some of the world’s largest river systems, such as the 

Amazon River, have zones of elevated coastal chl-a which extend hundreds to thousands 

of km from the river mouth. These findings suggest the influence of river discharge may 

have been underestimated in many coastal regions of the world. The method appears 

more effective for larger river systems discharging to ocean waters with less complex 

nutrient dynamics and weaker seasonal productivity patterns, most notably in temperate 

regions. Increasing our understanding of the specific areas influenced by river discharge, 

and the degree of influence over space and time, is an important step towards improved 

river and coastal management. This method will increase the capacity of researchers to 

monitor how, when and where coastal waters are affected as river discharge continues to 

change into the future. 

3.1 Introduction 

By delivering dissolved nutrients to coastal ocean regions, river discharge not only 

supplements primary productivity by stimulating phytoplankton growth, but also 

contributes to the long-term biological productivity of the ocean and hence ocean carbon 
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storage (Gomes et al. 2018; Jickells et al. 2017). This effect can subsidize the functioning 

of marine food webs, supporting marine ecosystems (Connolly et al. 2009; Matsumoto 

et al. 2016; Schlacher et al. 2008). Some fish species utilise river plumes as juveniles, or 

as signals for migration (Abrantes and Sheaves 2010; Black et al. 2016; Burla et al. 2010; 

Drinkwater and Frank 1994; Grimes 2001). There is increasing evidence to show that 

river plumes affect predator-prey interactions, particularly for larval fishes, their 

planktonic prey and predators (Akester 2019; Black et al. 2016; Dowidar 1984; Nixon 

2003; Phillips et al. 2017; Ware and Thomson 2005). For example, Swieca et al. (2020) 

observed substantially higher concentrations of zooplankton in the Columbia River 

plume, with chl-a and surface salinity the most influential factors. The plume was found 

to enhance spatial overlap between larval fishes and their prey, relative to open oceanic 

waters. Studies like these illustrate the importance of river discharge and river plumes 

for marine food-web and ecosystem functioning and stability. Consequently, river 

plumes can affect fisheries stability (e.g. (Chai et al. 2009; Grimes and Kingsford 1996; 

Sharaf El Din 1977)). However, there is limited understanding of how altered, reduced 

or complete lack of freshwater flow affects estuarine and open coastal marine systems 

(Gillanders and Kingsford 2002), especially over longer time scales. 

Remote sensing has increased our understanding of the effect of river discharge on 

coastal ocean water quality, and is a less expensive and more spatially and temporally 

comprehensive approach than ship-borne and other in situ based methods (Acker et al. 

2005; Alvarez-Romero et al. 2013; Colella et al. 2016; Devlin et al. 2015). While many 

remote sensing studies have mapped river plumes, usually from true-colour imagery, few 

have investigated the specific spatial and temporal relationship between increases in 

river discharge with increases in chl-a concentrations. In general, most research has been 

limited to investigating mixing of turbid plumes during high flow events. Few have 

investigated any potential increases in chl-a beyond the extent of the turbid plume. There 

is also a paucity of research which can comment on the strength of this relationship 

across space and time, or under varying flow conditions. This is likely because it is 

difficult to distinguish background increases in phytoplankton from typical fluctuations 
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that result from seasonality, as well as challenges of obtaining accurate optical 

measurements from satellite imagery in shallow and coastal waters. There is currently 

no broadly accepted method to identify areas where ocean chl-a, as a proxy for 

phytoplankton biomass and an indicator of productivity, may be attributed specifically 

to river discharge. However, this information is crucial to our understanding of the 

influence of river discharge on coastal environments. Such information allows the scale 

of spatial and temporal influence to be monitored over time, under various flow, climate 

and management conditions.  

This paper presents a method based on Earth observation data to objectively identify 

coastal ocean regions where water quality and productivity is most influenced by river 

discharge. A per-pixel spatiotemporal analysis of freely available MODIS ocean colour 

imagery products is developed to achieve this goal. Eleven rivers, representing a broad 

range of river volume, flow volume, seasonality and location, are used to demonstrate 

our approach for investigating the long-term relationship between river flow and coastal 

water productivity. 

3.2 Methods 

3.2.1 Ocean colour products 

NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS) sensor, on board the 

sun-synchronous, polar-orbiting satellite “Aqua”, became operational in 2002 and is still 

operational today. Monthly composite MODIS ocean colour chl-a products were 

obtained at 4 km spatial resolution via: https://oceancolor.gsfc.nasa.gov/. These 

products are effectively ‘ready to use.’ Spectral contamination due to land, atmospheric 

effects, probable ice or cloud cover, or areas where radiance is saturated or values suggest 

sunglint are masked from final chl-a products products (BoM 2014; IOCCG 2000). Some 

of these masked pixels include those near the coast on some dates in the imagery (e.g. 

near the mouths of the Mekong and Amazon rivers).  

The primary focus of this study was to develop a more objective and broadly applicable 

method for identifying coastal ocean regions where chl-a is influenced by river discharge. 
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MODIS OC3M chl-a products are generally considered more accurate when used to 

estimate concentrations of chl-a in clear open ocean waters where the main contribution 

to ocean colour is phytoplankton (Case 1 waters) (IOCCG 2000). MODIS chl-a products 

in the nearshore environment can also be affected by high sediment loading (turbidity) 

from river discharge, leading to overestimations of chl-a concentrations. However 

obtaining precise measurements of chl-a is not essential to achieve the aim of this paper, 

and chl-a response can extend a large distance from near-shore turbidity plumes 

(Auricht et al. 2018). With this understanding, MODIS chl-a products are appropriate 

for assessing the relationship between river discharge and coastal water quality at a 

broad, global scale. 

3.2.2 River flow data and Selection 

Eleven rivers and adjacent ocean regions, including several major river systems, were 

chosen to demonstrate the applicability of the spatiotemporal method (Table 3.1 and 

Figure 3.1). Rivers across all populated continents were selected, covering a range of flow 

rates and climatic systems, although river choice was limited by flow data availability. All 

the rivers had at least three years of flow data over the period of MODIS data availability. 

The temporal resolution of river discharge data was mean monthly discharge (m3/s), to 

match the temporal resolution of the monthly composite MODIS ocean colour chl-a 

products. This was supplied from some sources such as the Global Runoff Data Centre 

(GRDC) but was calculated from daily flow data for others (e.g. the Amazon). 
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Table 3.1: River flow data used in this study.  

River name Station(s) 
Approx. location of 
station(s) (Latitude and 
Longitude)  

Ocean 
Record ends 
(MM/YYYY) 

Max no. data 
pairs compared 
per pixel  

Approx. 
catchment area 
(km2) 

Mean annual 
discharge at station 
(m3/s)1 

Data 
Source 

Amazon Óbidos (-1.9472, -55.5111) Atlantic 04/2018 190 4,680,000 175,024.35 ANA4 

Mississippi Vicksburg (32.315, -90.9058) Gulf of Mexico 03/2019 201 2,964,255 21,428.67 GRDC2 

Parana Timbues (51.4154, 0.3077) Atlantic 08/2014 146 2,346,000 17,291.12 GRDC 

Mekong 

Sum of 
discharge at 
Can Tho & 
MyThuan 

Can Tho (10.02361, 
105.7692) 
MyThuan (10.275, 
105.295) 

South China 
Sea 

12/2007 

66 
 

795,000 13,970.35 MRC3 

St. 
Lawrence 

Cornwall 
(45.0062, 74.7949)  

Atlantic 06/2017 
180 

773,892 7,184.99 GRDC 

Niger Lokoja (7.8, 6.7667) Atlantic 10/2011 120 1,270,0006 5,983.31 GRDC 
Columbia Dallas (45.6073, -121.1734) Pacific 11/2016 161 613,830 4,890.51 GRDC 

Rhone  
Chancy, Aux 
Ripes 

(46.153, 5.9707)  
Mediterranean 12/2014 

150 
 

10,323 320.68 GRDC 

Pearl Bogalusa (30.7932, -89.8209) Gulf of Mexico 05/2017 179 17,024 282.70 GRDC 

Murray 
Sum of 
discharge over 
barrages 

e.g. (-35.5577, 
138.8778) Southern 03/2019 

 
201 1,059,000 72.90 DEW5 

Thames Kingston (51.415443, -0.30771) North Sea 09/2015 159 9,948 62.96 GRDC 

 

1Calculated from monthly averaged data from July 2002 to record end. 2Global Runoff Data Centre, 3Mekong River Commission, 4National Water Agency of Brazil, 
5Department of Environment and Water (South Australian Government), 6Aich et al. (2016) 
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Figure 3.1: Map of flow stations for rivers investigated in this paper. Orange points indicate the location of river discharge stations (refer Table 3.1). 
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3.2.3 Spatiotemporal correlation analysis 

A spatiotemporal, non-parametric correlation analysis was used to identify and map 

pixels in the MODIS imagery where change in chl-a is correlated with and likely 

influenced or driven predominantly by river discharge from the nearby river. This 

analysis was developed in Python 3 language, using packages including but not limited 

to pandas, numpy, xarray, gdal and rasterio. An example of the python script is available 

on request. Figure 3.2 shows a summary of the methods. For each river, a study area 

(ranging from ~260 km x 220 km to ~6,600 km x 4,800 km) of surrounding coastal ocean 

centred on the river mouth was examined. Time series data were extracted for each pixel 

in the imagery captured over these areas. Where data were missing from either the time 

series of river discharge or chl-a for pixels (due to cloud cover or land contamination), 

the corresponding dates for both datasets were removed. This ensured that the data for 

river discharge and for chl-a was temporally synchronised. 

As much of the flow and MODIS time series data were not normally distributed, a non-

parametric Spearman rank correlation test was used to test correlations between chl-a 

and river discharge for each pixel across the study areas. A significance test was also 

conducted on these time series to determine where in the scene a significant relationship 

between river discharge and chl-a products could be detected. These scenes were then 

masked by significant p-values (p<0.01) and where Spearman’s rho (rs) >= 0. Final 

information products then indicated areas where a significant long-term, positive 

relationship between river discharge and chl-a concentrations was present. Maps 

showing the proportion of valid observations per pixel used to perform these analyses 

were also produced for each scene and are presented in Supplementary Material (Figures 

B3.1 and B3.2, Appendix B).  

Correlation was also calculated between residual chl-a and river flow datasets (refer 

Appendix B and Figures B to S3). These datasets were produced with the aim of  

removing seasonality from both the river discharge data and the chl-a data, respectively. 
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This involved calculating the long-term mean (river discharge or chl-a) of each month, 

and subtracting these values from that observed in the corresponding month. This 

resulted in a residual time series for every pixel of the chl-a data, and river discharge 

data. 

 

Figure 3.2: Flow chart summarising the overall process for the spatiotemporal 

correlation analysis. These processes were implemented using python scripting 

language. This methodology is used to produce maps showing correlation between chl-a 

concentration (derived from MODIS satellite imagery) in coastal ocean waters and river 

discharge data from nearby rivers.   
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3.3 Results and Discussion 

The spatiotemporal correlation analysis developed in this paper enabled us to identify 

areas of long term river influence on coastal ocean chl-a in a diversity of locations. The 

analysis also revealed that these relationships can be complex and that the method is 

more useful for particular kinds of river systems, as presented and discussed below.  

3.3.1 Clear patterns of influence in temperate regions 

The spatiotemporal correlation analysis was most useful when applied to identify 

riverine influences on temperate coastal ocean regions. It identified areas with positive, 

moderate to strong monotonic relationships (rs >= 0.5) to river discharge, 

distinguishable from background processes and consistent with previous studies in these 

regions. This was most evident for the Murray and Rhone rivers, respectively. These 

rivers also have highly variable river flow time series. 

Off the coast of the Murray River mouth, elevated chl-a also correlated with river flow up 

to roughly 25 km (Figure 3.3a) in a location consistent with results from our previous 

research (Auricht et al. 2018). The Murray River is an arid to semi-arid river system and 

flow is highly variable with weak seasonal patterns (Figure 3.3a). The quality of the 

temperate Southern Ocean waters (or more specifically, Great Australian Bight waters) 

below the Murray mouth has been little researched to date. However, previous studies 

that have investigated upwelling on the west of Kangaroo Island and the South Eastern 

Bonney coast, suggest that phytoplankton growth is nutrient limited and that coastal 

waters in this location have relatively lower nutrient concentrations compared to 

northern, tropical Australian waters  (Doubell et al. 2018; McClatchie et al. 2006; 

Motoda et al. 1978; van Ruth et al. 2018). This is a significant finding given that little 

research has been conducted on the response of coastal waters to Murray River 

discharge, even though the Murray is Australia’s largest river. Management of Murray 

River flow is often a contentious issue due to the sheer number of stakeholders and the 

length of the river. Therefore, identifying regions where chl-a is strongly influenced, and 
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perhaps even dependent on river discharge is of interest to both river and coastal 

managers.  

Positive correlation values between ocean chl-a and Rhone River discharge (rs = 0.2 - 

0.4) extend up to ~90 km south west beyond the river mouth (more specifically, into the 

Gulf of Lion) (Figure 3.3b). These results can be explained by the characteristics of the 

Mediterranean Sea to which the Rhone River discharges. This sea has relatively 

oligotrophic waters and is semi-enclosed (Mena et al. 2019; Tanhua et al. 2013). The 

Rhone is one of the main rivers contributing dissolved and undissolved nutrients to the 

Mediterranean north coast via its discharge (e.g. simulated total N of 88,531 ton/year 

and simulated total P of 1,938 ton/year (Malagó et al. 2019)) and is largely responsible 

for primary productivity in this region (Colella et al. 2016; Malagó et al. 2019; Piroddi et 

al. 2017). However, it should be noted that the Gulf of Lion, compared with the rest of 

the Mediterranean, undergoes deep wintertime convection and mixing. These processes 

are well studied in this region, increasing phytoplankton biomass and productivity 

leading to spring blooms (Barale and Gade 2008; Macias et al. 2018). Chl-a 

concentrations in the broader Gulf and Mediterranean are therefore driven 

predominantly by climate related changes (e.g. wind, temperature), rather than river 

discharge alone. These factors should be considered alongside the findings of this paper. 

Nevertheless, the correlation between river flow and chl-a is stronger (rs > 0.4) within 

~30 km of the river mouth and shore (Figure 3.3b). The long term analysis and 

correlation between chl-a and river flow in the Mediterranean shows a region of similar 

shape and extent to previous studies which have mapped the turbid plume under high 

flow conditions (e.g. Devenon et al. 1992; Estournel et al. 2001; Forget et al. 1990). These 

findings suggest the analysis successfully identified the coastal waters where chl-a is 

influenced by river discharge. The increased coastal productivity due to Rhone River 

discharge is understood to affect fishery yields in the Gulf of Lion (Piroddi et al. 2017; 

Salen-Picard et al. 2002). However, policies such as the EU Nitrates Directive and an 

Urban Waste Water Directive have been employed to reduce the concentrations of 

nutrients in discharge from the Rhone. As a result, chl-a concentrations have reduced in 
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more recent years in the Gulf of Lion (Colella et al. 2016; Malagó et al. 2019). This region 

can be more closely monitored for change, as river discharge volume and concentrations 

are altered into the future, and for assessment of the success of implementation of these 

policies. These findings illustrate the importance of the method in identifying coastal 

waters where chl-a concentrations are largely controlled by river discharge, as it is 

information relevant to both river and coastal managers.  

Because both the Murray and Rhone rivers discharge into generally low nutrient waters, 

a strong, measurable response by phytoplankton, contrasting with surrounding waters, 

is therefore more easily and objectively identified using the spatiotemporal analysis 

developed in this study. In addition, the flow time series for both rivers do not have 

dominant seasonal patterns. This means that large increases in chl-a are more easily 

identified with larger freshwater pulses from river mouths. These results demonstrate 

the applicability of the methodology for lower nutrient ocean regions for identifying 

regions which have been influenced by river discharge across the longer term. 
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Figure 3.3: Maps of river discharge influence based on Spearman correlation analysis on 

remotely sensed MODIS chl-a concentrations and corresponding river flow time series 

and chl-a concentrations at pixel (with location on top right of time series plot) for the a) 

Murray River on the coastal waters in the Southern Ocean of South Australia, b) Rhone 

River in the Gulf of Lion, France, c) Amazon River on the mid-Atlantic Ocean and along 

the northeastern coast of South America and d) Parana River on the Southern Atlantic 

Ocean.  
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3.3.2 Patterns of influence in tropical and subtropical regions 

Very large coastal ocean regions (> 2,000 km north west from the Amazon River mouth 

and > ~250 km south east from the Mekong delta coast) are influenced by discharge from 

their respective rivers (rs > 0.5) (Figure 3.3c and Figure 3.4a). Both the Amazon and 

Mekong rivers (Figures 3c and 4a) have strong seasonal and predictable river flow 

patterns.  

There is a two-fold seasonal variation in river water discharge rate from the Amazon, 

with peaks in discharge rate occurring reliably between March and June (> 250,000 

m3/s) and lows between July and December (Figure 3.3c). Moderate to high rs values (> 

0.5 and > 528,598 km2 within the scene) are identified along the coast extending both 

north and south of the Amazon River mouth, and a large radial area near to the Caribbean 

is also visible (Figure 3.3c). These findings suggest that Amazon river discharge has a 

moderate to strong influence on coastal ocean phytoplankton and marine productivity in 

the open ocean, thousands of kilometres from the river mouth (Figure 3.3c). These 

findings are consistent with previous studies, including in situ sampling, tracking with 

buoys and ship based cruises which have tracked terrestrially derived nutrients and 

sediments, thousands of km from the river mouth (Coles et al. 2013; Hu et al. 2004). The 

Amazon discharges at the equator and on the western boundary of the Atlantic Ocean. 

Because of this location, the Amazon river plume becomes synchronized with a number 

of seasonally varying energetic boundary currents (Coles et al. 2013). During winter and 

spring months (April - May) discharge reaches its peak (Figure 3.3c). Previous research 

has shown that during winter, the plume is carried with the North Brazil Current along 

the north-eastern coast of Brazil, while from spring to autumn (September - October) it 

is entrained with the North Equatorial Counter Current (NECC) which travels eastward 

(Coles et al. 2013; Gomes et al. 2018; Muller-Karger et al. 1998; Weber et al. 2017). The 

latter may explain the distinct band of ocean between 0 and 5 degrees latitude where 

correlation is positive (rs > 0.2), in addition to higher temperatures and circulation in 

this equatorial region. However, some authors debate that the plume travels persistently 

northward throughout the year, rather than only during winter months eastward (Coles 
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et al. 2013; Gomes et al. 2018; Muller-Karger et al. 1998; Weber et al. 2017). The results 

of this paper suggest plume waters and productivity is elevated due to discharge along 

the north coast towards the Caribbean with the North Brazil Current (NBC), as well as to 

the east, with the NECC. These findings show the influence of Amazon River discharge 

is much farther reaching than the shelf itself, and may settle some of the debate about 

the predominant direction and influence of the plume across the long term.  

South of the Amazon, the Parana River is the most important tributary of the Rio de la 

Plata, contributing more than 80% of Rio de la Plata streamflow (Camilloni and Barros 

2003). However, the Parana River discharge is very irregular with no easily predictable 

seasonal trends (Figure 3.3d). Over the last several decades, despite no significant 

rainfall increases in the basin, river discharges have increased. The range between high 

and low flow is narrower than that of the Amazon (between ~12,000 m3 s-1 and 25,000 

m3 s-1), but still of great magnitude (Table 3.1). This is due to concomitant changes in 

forest cover, as deforestation has been a major issue in this region since the 1970s 

(Carvalho et al. 2011; Lee et al. 2018). This seems to have also changed peak discharge 

timing of the Parana (Lee et al. 2018). The results of our analysis suggest that chl-a 

concentrations off the coast of the river mouth in the Atlantic Ocean are likely influenced 

by the river discharge of the Parana, indicated by positive correlation values > 0.4 in a 

region within ~ 300 km from the mouth (Figure 3.3d). It is possible that volume and 

concentrations of the Parana River flow is increasing, and that the relationship may 

increase or cover a large area of the scene in the future. Calls to consider these factors for 

forecasting hydropower generation (which supplies up to 80% of Brazil’s energy) have 

been made (Lee et al. 2018), but how they will affect coastal ocean productivity and water 

quality in the future should also be considered. 

Much of the ocean in the scene in Figure 3.4a is occupied by pixels with a positive 

correlation with Mekong river discharge. Of these, an area covering around ~8,402 km2 

have relatively strong correlation values (rs > 0.6). These positive pixels cover a region 

south east from the mouth, but other positively correlated pixels also extend northeast 
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and southwest along the coast. River discharge from the Mekong is known to contribute 

terrestrial nutrients during summer, increasing productivity near the western coasts of 

the South China Sea (SCS) (Dai 2012; Gan et al. 2010; Lu et al. 2020). Highest flow in 

the Mekong usually occurs between August and October, while lower flow rates occur 

between January and April (Figure 3.4a). In winter, when there is lower river discharge, 

the turbid river plume generally flows south west under a north-easterly monsoon Lu et 

al. 2020). The region of elevated correlation in the SCS region of this study displays 

patterns which fit somewhat with this known phenomenon (Figure 3.4a). However, the 

region of apparent influence (Figure 3.4a) is far more extensive than what is perhaps 

expected from Mekong discharge alone, and it is likely that other rivers in this region and 

other factors which co-vary with the seasonal river flow (e.g. seasonality of sea surface 

temperatures) are also responsible for the correlation seen here, rather than Mekong 

River discharge explicitly. It is also possible that the spatiotemporal method may 

overestimate the strength of the relationship in the broader SCS due to the lower number 

of dates available for comparison (Table 3.1), which are a result of a short available 

temporal record further reduced by extensive cloud cover. Additionally, several pixels 

are masked in the nearshore of the Mekong and Amazon from the MODIS 4 km products, 

likely because of high turbidity and land interference contributing to chl-a estimations 

(Figure 3.4a and Figure 3.3c).    

Mean monthly Mississippi discharge rates from the Vicksburg, Mississippi station 

ranged between ~ 10,000 m3 s-1 and ~ 50,000 m3 s-1 between 2002 and 2019 with highs 

generally occurring between February and July, following the northern hemisphere’s 

winter and spring months (Figure 3.4b). However, in some years, high flows occur in 

later months of the year, during winter (e.g. 2004, 2009, 2011, 2015 and 2018). The 

spatiotemporal analysis results between Mississippi river flow and chl-a  show positive 

correlations which ‘hug’ the northern Gulf of Mexico coast. The influenced area where rs 

> 0.4, extends more than ~ 280 km east and ~ 530 km west of the river mouth (Figure 

3.4b). These highlight a known area of increased productivity to the east and west of the 

river mouth and delta, an area characterized by a seasonally shifting eastwards or 
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westwards along-shelf surface current (Figure 3.4b) (Nowlin et al. 1998; Walker 1996; 

Wiseman et al. 1999; Yuan et al. 2004). These shelf currents generally confine the river 

plume and productivity to the northern continental shelf of the Gulf.  

The open Gulf of Mexico is subtropical, permanently stratified and oligotrophic (Yuan et 

al. 2004). Consequently, discharge from the Mississippi River to the northern coast 

promotes phytoplankton growth (Ritter and Chitikela et al. 2020) on a scale which can 

be detected easily using the methodology used in this paper. This is crucial information 

because discharges from Mississippi and Atchafalaya rivers have repeatedly resulted in 

far-reaching algae blooms which deplete oxygen from the water column with the 

devastating consequence of mass fish kills. The ‘dead zone’ region occurs reliably, on an 

annual basis at the Mississippi River mouth (Rabalais et al. 2002; Scavia et al. 2019). 

The extent of these anoxic zones can be extreme. In 2019, after several years under 

implementation of a Hypoxia Task Force by the US Environmental Protection Authority, 

the Gulf of Mexico hypoxic zone covered an area of ~18,005 km2. This was the eighth 

largest extent recorded since 1985 and was far larger than the goal of 5,000 km2 set by 

the task force (Ritter and Chitikela 2020). Usually, the coverage of the anoxic area is 

estimated by conducting cruises off the coast, and taking in situ measurements (Fennel 

and Laurent 2018; Lohrenz et al. 2008; Walker 1996). Occasionally, sampling is 

informed by analysis of true colour satellite imagery (Board 2007; Walker and Rabalais 

2006). These approaches can determine finer scale characteristics and diagnostics of the 

river plume and anoxic zones, useful for future predictions. However, the method 

developed and demonstrated here helps identify where we can expect, generally, to see 

response of phytoplankton to river discharge and could be used to constrain or target in 

situ sampling and track changes in the response of coastal waters to river discharge over 

a broader spatiotemporal scale.  

The results from the analysis for the Mississippi suggest a region of influence consistent 

with plume mapping in previous studies (Figure 3.4b). The analysis provides additional 

contextual information on the dependency and relationship between productivity 



 

99 
 

(indicated by chl-a concentrations) and river discharge from the Mississippi. This 

information is also important considering that fisheries productivity in the Gulf of 

Mexico is strongly linked to Mississippi discharge by several studies (Grimes 2001; 

Lindall and Saloman 1977; Mickle et al. 2018; Rakocinski et al. 1996). 
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Figure 3.4: Maps of river discharge influence based on Spearman correlation analysis on 

remotely sensed MODIS chl-a concentrations and corresponding river flow time series 

and chl-a concentrations at pixel (with location on top right of time series plot) for the 

(a) Mekong River on the South China Sea, (b) Mississippi River on the northern Gulf of 

Mexico, (c) the Niger River on the coastal waters in the Gulf of Guinea and (d) the Pearl 

River in the Gulf of Mexico. 
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3.3.3 Complex coastal regions with unclear responses to river discharge 

The remaining rivers investigated in this paper did not have clear areas of influence, or 

areas where chl-a was strongly correlated to nearby river discharge detected using the 

spatiotemporal correlation method. This is most likely due to the added complexities of 

the systems to which they export freshwater, or the relative volume of river discharge.  

The St. Lawrence River has the third greatest average discharge of the rivers investigated 

for this paper (Table 3.1). Flow to the Gulf of St. Lawrence increases in warm months 

with snow melt. Sea ice forms in the Gulf in December and begins to spread seaward 

(east), eventually covering most of the Gulf, reaching its maximum extent in March, 

thereafter beginning to melt (Urrego-Blanco and Sheng 2014). The lack of distinctive 

areas of moderate to high correlation in the Gulf of St. Lawrence from the spatiotemporal 

analysis are likely due to a lack of data due to cloud cover and masking or inaccurate 

estimates of chl-a due to ice cover (Figure 3.5a) melt (Urrego-Blanco and Sheng 2014). 

The Gulf of St. Lawrence is known to be highly productive, but higher productivity in the 

eastern region, has previously been attributed to upwelling (Savenkoff et al. 2001). Using 

ocean colour satellite imagery from the Coastal Zone Colour Scanner and in situ 

measurements, Fuentes-Yaco, et al. (1997)  confirmed a strong seasonal cycle in the Gulf 

of St. Lawrence, with increases in chl-a in late summer to early fall, consistent with 

timing of sea-ice melt, and not in spring months. However, the study was temporally 

limited, only analysing 80 images covering a 2 year time span (April 1979 to 1981). 

Findings of this paper indicate a region with positive correlation due to river discharge 

in the western Gulf of St. Lawrence, nearer the river estuary, consistent with these 

previous studies. Importantly, while chl-a estimates in MODIS products may have been 

affected in this location due to sea ice cover, they are derived from more than 14 years of 

monthly satellite imagery. Considering this, these results may still be a reasonable and 

adequate representation of the long term pattern in chl-a in relation to river discharge in 

this region, but this requires further investigation.   
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 Although the Niger River has relatively high discharge in terms of volume, several 

months of river flow data were missing from this record, and this may have contributed 

to inconclusive results (Figure 3.4c). Figure 3.4c shows the correlation between the Niger 

River discharge and chl-a in waters in the Gulf of Guinea and wider Atlantic Ocean. This 

shows very high positive correlation values (rs > 0.6) in a large portion of the scene (~ 

515,920 km2), especially below the equator towards the South, but it is unlikely that chl-

a in this location is linked to Niger River discharge. In reality, these results are likely a 

consequence of a limited river discharge dataset, and high seasonality.  

Findings for the Columbia River (Figure 3.5c), despite many years of river discharge data, 

do not show a clear area of influence. Several rivers discharge to the coast in this region, 

and open ocean productivity of the Pacific also appears to correlate to flow, most likely 

because of the seasonality of the flow record. This coastline experiences high energy wave 

action and relatively strong tidal and wave-driven currents and circulation (Elias et al. 

2012; Jay et al. 2010). These factors also affect the capacity of any method to detect a 

clear area of influence on coastal productivity due independently to Columbia River 

discharge.   

The Pearl and Thames rivers have very low river discharge rates and smaller catchment 

areas (Table 3.1, Figure 3.4d and Figure 3.5b). Despite large areas of positive correlation 

with these respective rivers, it is likely these are coincidental or due to other circulation 

or seasonal factors. These are examples of rivers for which the spatiotemporal analysis 

needs refinement or further development in order to provide useful results, and 

demonstrates relative to other rivers in this paper, where it is best applied. For example, 

ocean colour products of finer spatial resolution than used here may be able to detect a 

response from coastal waters to river discharge from these rivers. The Pearl River also 

drains to an area, where several other, considerably larger rivers drain (e.g. the 

Mississippi) which further complicates interpretation. The method proposed here is 

therefore not suitable for rivers with very low contributions to coastal waters, particularly 

if those coastal waters are highly dynamic and complex, and have other influential factors 
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such as upwelling, have strong patterns in phytoplankton production in situ and 

independent of river flow or there are other complex circulation patterns (e.g. due to 

wind and tides). 

 

Figure 3.5: Maps of river discharge influence based on Spearman correlation analysis on 

remotely sensed MODIS chl-a concentrations and corresponding river flow time series 

and chl-a concentrations at pixel (with location on top right of time series plot) for the 

(a) St. Lawrence River draining to the Gulf of St. Lawrence, (b) the Thames River 

draining to the North Sea and (c) Columbia River on the Pacific Ocean. 

s 
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3.3.4 Limitations 

Future research would benefit from including or developing a measurement of spatial-

temporal decay. All pixels representing chl-a estimates are compared to river discharge 

equally, regardless of their proximity to the river mouth. In reality, we expect that pixels 

closer to a river mouth would respond relatively quickly to a change in river discharge 

(possibly hours) while those further from the river mouth would take longer (possibly 

days, weeks or months). Further development of our method could incorporate a 

measure of spatial-temporal decay which accounts for this temporal lag, or perhaps to 

attempt to measure this relationship. This may require data of greater temporal and 

spatial resolution than was used in this study, although some research shows peaks in 

chl-a have occurred several months after peaks in river discharge (e.g. Hopkins, et al. 

(2013)). For example, in Chesapeake Bay, a system similar to the Rio de la Plata estuary, 

the strongest correlation between flow and chl-a occurred at a one month temporal lag 

Acker et al. 2005). Kim, et al. (2009) also observed a similar relationship between chl-a 

of the East China Sea and summertime freshwater discharge from the Yangtze 

(Changjiang) River of China and regulated by the Three Gorges Dam. A lag between 1 

and 2 months was determined between freshwater discharge and higher chl-a ocean 

concentrations. Such a refinement could more adequately map the progression of the 

influence of river discharge over space and time and determine the temporal lag at which 

the strongest relationship between river discharge and productivity is most important 

between rivers.  

Co-varying seasonality of both river flow and background chl-a in some coastal waters 

reduced the ability of the spatiotemporal correlation approach to clearly separate out the 

specific zones of river influence (including for the Niger, Pearl and Columbia rivers). In 

another case (e.g. the Thames), discharge rates were relatively low and no influence of 

discharge was detected at this spatial and temporal resolution (4 km and monthly 

composite data). The results of the correlation on the residual data did not provide useful 

additional information to discern river influence zones. Spatial and temporal patterns 

were no clearer or more enhanced with this approach (refer Figures B2.1, B2.2, B2.3, 
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Appendix B). Nevertheless, results from analyses conducted on the original, unaltered 

datasets suggest that river discharge from some rivers has a greater influence on coastal 

productivity than may have been realised previously. 

Additionally, the ocean colour chl-a products used in this analysis have a spatial 

resolution of 4 km2.  This means the method is sometimes unable to accurately detect the 

zone of influence of very low volume river discharge (e.g. as seen in the results for the 

Thames River). The spatio-temporal correlation approach could be performed on 

satellite imagery of higher spatial and temporal resolution, depending on the research 

question or needs of the end users. 

3.4 Conclusions 

The spatiotemporal per-pixel analysis method developed in this study, utilising MODIS 

chl-a products and river discharge data, successfully enabled identification of coastal 

ocean regions that are influenced by river discharge long term. The method appears most 

useful when applied to larger river discharges to nutrient-limited coastal zones, most 

notably in temperate regions, although there are exceptions (e.g. the Amazon). Some of 

the identified ocean zones where chl-a concentration has stronger relationships to river 

discharge are much more extensive than previously documented. These findings indicate 

that global river discharge plays a larger role on global open ocean productivity than has 

been considered in the past. The world’s rivers are becoming increasingly regulated, with 

many seeing reduced volume of flow and discharge, disconnected from oceans and with 

flows becoming increasingly concentrated. The way coastal ocean environments respond 

to these changes in flow volume, timing and concentration in the future is still uncertain 

and requiring further attention in research. The ability to identify regions directly 

influenced by river discharge enables monitoring of these regions for change over time. 

Development of knowledge and awareness of the importance of river discharge on 

coastal ocean productivity will enable people to more effectively protect and conserve 

these incredibly important environments in the future. 
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Appendix B 

B.1 Additional river discharge station information  

 

Table B.1:Distances of river discharge measuring stations to coastal ocean. 

River 

name 
Station(s) Ocean 

Approx. distance of station(s) from 

coastline in direct line (km) 

Amazon Óbidos Atlantic 660 

Niger Lokoja Atlantic 400 

Mississippi Vicksburg Gulf of Mexico 390 

Rhone  Chancy, Aux Ripes Mediterranean 320 

Parana Timbues Atlantic 257 

Columbia Dallas Pacific 195 

Mekong 

Sum of discharge at 

Can Tho & 

MyThuan 

South China 

Sea 

83 (from Can Tho) 

45 (My Thuan) 

Pearl Bogalusa Gulf of Mexico 73 

Thames Kingston North Sea 50 

St 

Lawrence 
Cornwall Atlantic 

3 

Murray 
Sum of discharge 

over barrages 
Southern 

3 
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B.2 Residual analyses  

 

 

FigureB.2.1: Maps of river discharge influence based on Spearman correlation analysis 

on remotely sensed MODIS chl-a concentrations and corresponding river flow time 

series and chl-a concentrations at pixel (with location on top right of time series plot) for 

the a) Murray River on the coastal waters in the Southern Ocean of South Australia, b) 

Rhone River in the Gulf of Lion, France, c) Amazon River on the mid-Atlantic Ocean and 

along the South American north eastern coast and d) the Parana river on the Southern 

Atlantic Ocean. 
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Figure B.2.2: Maps of river discharge influence based on Spearman correlation analysis 

on remotely sensed MODIS chl-a concentrations and corresponding river flow time 

series and chl-a concentrations at pixel (with location on top right of time series plot) for 

the a) Mekong River on the South China Sea, b) Mississippi River on the northern Gulf 

of Mexico, c) Niger River on the coastal waters in the Gulf of Guinea and d) Pearl River 

in the Gulf of Mexico.  
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Figure B.2.3: Maps of river discharge influence based on Spearman correlation analysis 

on remotely sensed MODIS chl-a concentrations and corresponding river flow time 

series and chl-a concentrations at pixel (with location on top right of time series plot) for 

the a) St Lawrence River on the Gulf of St Lawrence, b) Thames River on the English 

Channel and North Sea and c) Columbia River on the Pacific Ocean.  
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B.3 Chl-a observation maps  

 

 

Figure B.3.1: Proportion of chl-a observations per pixel used for spatiotemporal 

correlation analysis between river discharge and chl-a for a) Murray River on the coastal 

waters in the Southern Ocean of South Australia, b) Parana river on the Southern Atlantic 

Ocean, c) Rhone River in the Gulf of Lion, France, d) Mekong River on the South China 

Sea, e) Amazon River on the mid-Atlantic Ocean and along the South American north 

eastern coast, f) Mississippi River on the northern Gulf of Mexico. The maximum number 

of analysed dates and the record lengths of river flow data available for comparison to 

chl-a can be found in Table 3.1.  
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Figure B.3.2: Proportion of chl-a observations per pixel used for spatiotemporal 

correlation analysis between river discharge and chl-a for a) Niger River on the coastal 

waters in the Gulf of Guinea, b) Thames River on the English Channel and North Sea, c) 

Pearl River in the Gulf of Mexico d), Columbia River on the Pacific Ocean, e) St Lawrence 

River on the Gulf of St Lawrence. The maximum number of analysed dates and the record 

lengths of river flow data available for comparison to chl-a can be found in Table 3.1. 
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Abstract 

River systems and coastal ocean systems are often studied as separate entities, but river 

discharge can have profound influence on coastal water quality and coastal marine 

systems.  While changes in river discharge are known in some cases, it is unclear whether 

the influence on coastal waters may be changing over time (e.g. due to climate or land 

use changes and increased river extractions). The aim of this paper is to detect trends in 

river discharge and coastal water quality parameters, and infer whether the influence of 

river discharge on coastal waters may be changing. MODIS Aqua chlorophyll-a (a proxy 

for phytoplankton biomass), MODIS Aqua remote sensing reflectance centred at 645 nm 

(an indicator of turbidity) and up to ~17 years of river flow/discharge time series data for 

six large global river systems (Murray, Amazon, Rhone, Mississippi, Parana and 

Mekong) were used to investigate this question. Hamed and Rao’s modified Mann 

Kendall trend test was used to investigate change in river discharge, chl-a and turbidity 

over the study period. This was achieved by querying pre-defined regions of river 

discharge influence (RoRI) in coastal oceans off the river mouths. The Murray and 

Mississippi rivers showed increasing trends in coastal ocean chl-a concentrations. A 

decreasing trend in turbidity was apparent within the Amazon RoRI from 2002. Other 

rivers (Parana, Mekong and Rhone) showed no significant trends in discharge, chl-a or 

turbidity. These findings may be limited by the temporal coverage of MODIS satellite chl-

a and turbidity products, with records beginning in 2002. As global water scarcity 

increases, and river flows become more modified by both anthropogenic and climatic 

factors, monitoring and management will become increasingly important to ensure 

maintenance of ecosystem function. 
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4.1 Introduction 

Changes in river discharge to the ocean have been described as “comprehensive 

manifestations of climate change and human activities” (Shi et al. 2019). This is due to 

the effects of global climate change, modification of water courses via damming and 

extraction of river waters for anthropogenic use, causing significant changes in volume, 

timing and concentration of discharge to the ocean. Land-use changes and hydrological 

system alterations (e.g. damming) affect the concentrations of dissolved and undissolved 

nutrients, sediments, pollutants and other materials reaching the oceans via rivers (Ajani 

et al. 2018; Auricht et al. 2018; Axler 2019; Chai et al. 2009; Masotti et al. 2018; Yunev 

et al. 2007).  Therefore, changes in river discharge have consequences for coastal water 

quality and marine ecosystems. For example, the Mississippi, Nile and Yangtze Rivers 

have all experienced changes in the concentrations of constituents (e.g. nitrogen, 

phosphorus and sediments) in freshwater discharge over the last century, causing further 

changes in water quality and productivity of receiving coastal waters (Ajani et al. 2018; 

Axler 2019). In some cases, these changes have affected the yields of regional fisheries. 

It is therefore clear that a strong influence and relationship is present between river 

discharge and coastal water quality, but that it is poorly understood, especially over 

broad spatial and temporal scales. It is also unclear whether that relationship is changing 

under these complex stressors.  

The body of research which has investigated trends in river flow and trends in volume of 

river discharge to oceans has usually been focused on local or national scales (e.g. Chalise 

et al. (2021); Germolus et al. (2021); Goesch et al. (2020); Srinivas et al. (2020)). Some 

global scale studies have also found that the majority of the world’s rivers have declining 

flow trends or decreasing volumes of river discharge reaching the oceans, with the 

exception of the Arctic, where ice melt and warming increases discharge (Biemans et al. 

2011; Gill et al. 2015; Grill et al. 2019; Milly et al. 2005; Seitzinger et al. 2010; Su et al. 

2018). This knowledge is critical for global water management due to human reliance on 

freshwater as a limited resource and transboundary issues.  
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However, studied far less often and usually at very fine scales, is the more specific 

influence of river discharges on coastal ocean productivity, turbidity or general water 

quality. Put simply, there is limited understanding or knowledge of what happens once 

river discharge reaches ocean waters, and even less in circumstances where it doesn’t 

(i.e. due to drought, damming, water diversion for agriculture, or other effects).  

At present and in most regions, it is unclear whether changes in river discharge volume 

and concentration have also caused changes in coastal water quality. This is in part due 

to limited data on river flow and discharge rates. In some cases, for remote locations or 

where transboundary water management is contentious, this data is unavailable to the 

public. Data on the concentrations of nutrients, sediments or other materials which 

freshwater carries to the sea, let alone that of coastal ocean waters, is even more scarce. 

To then determine the relationship between river discharge and coastal water quality is 

a great challenge. Fortunately, remote sensing technology enables coastal water quality 

monitoring at a range of spatial and temporal scales, under various flow conditions.  

Previous research has taken advantage of optical remote sensing products to estimate 

the concentration, direction and risk which river plumes may have on marine 

environments (Constantin et al. 2018; Devlin et al. 2015; Fabricius et al. 2016; 

Fernandez-Novoa et al. 2017; Hopkins et al. 2013; Petus et al. 2014). However, most 

river discharge and river plume studies which use remote sensing techniques have aimed 

to determine the density or direction of river plumes over days or months instead of 

years. These studies are usually conducted under higher flow conditions rather than 

under a variety of flow conditions. For example, Fernández-Nóvoa et al. (2019) 

characterised four Cantabrian river plumes  between 2003 and 2014, but did not 

investigate change in relative influence of river discharge on coastal water quality or 

productivity. Similarly, a study of several Borneo rivers used both in situ and remote 

sensing techniques to determine the direction and concentrations of river plumes off the 

coast. This research benefited local river and coastal monitoring and management 

sectors in the region (Cherukuru et al. 2021). If conducted at broader spatial and 
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temporal scales, this information could shed light on the long-term implications of river 

flow management on coastal water quality and whether influence of river discharge on 

coastal ocean water quality is changing over time  

In this chapter, I aim to apply the new method of Auricht et al. (2022) (Chapter 3 herein) 

to determine whether the influence of river discharge on coastal chl-a and turbidity has 

changed over time in several global river systems. Regions of river discharge influence 

(RoRI) are defined per river. From each of these RoRI, chl-a concentrations and turbidity 

estimates over the entire MODIS temporal record are extracted. A modified Mann-

Kendall trend test is then applied to these data and is used to identify changes in these 

variables over time. This allows qualitative assessment of whether chl-a concentrations 

and relative turbidity are changing in these coastal waters, relative to river discharge. I 

hypothesise that a declining trend in river discharge will correspond to declining trends 

in chl-a and turbidity in each river’s RoRI. There is a clear need to understand the impact 

of climate and anthropogenic effects on river and coastal systems and ultimately human 

populations. Monitoring river discharge and coastal water quality for change across 

various spatial and temporal scales is therefore required.  
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4.2 Methods 

4.2.1 River discharge data and regions of river discharge influence (RoRIs) 

Six rivers and adjacent coastal ocean regions are studied in this chapter. Using the 

spatiotemporal correlation analysis results from Auricht et al. (2022) (Chapter 3 herein), 

I investigated coastal regions where positive and significant Spearman rank correlations 

(>= 0.3 rs, p <= 0.01) were found between river discharge and coastal chl-a. These 

regions of river discharge influence are henceforth referred to as  RoRI. The RoRIs 

studied here are the Murray, Mekong, Rhone, Amazon, Parana and Mississippi as these 

rivers showed stronger and more defined areas or regions of river discharge influence. 

These rivers represent a diversity of climates and environments (Chapter 3, Figure 3.1).  

The majority of river discharge data was obtained from the Global Runoff Data Centre 

(access via https://www.bafg.de/GRDC/) at monthly temporal resolution. The record 

length varied by river and while some river discharge data is distributed at monthly 

temporal resolution by some sources (e.g. the GRDC), it was calculated from daily flow 

data for others (e.g. the Amazon). These data should be placed in the context of the 

locations of the river discharge recording stations (see Chapter 3 Figure 3.1).  

4.2.2 MODIS ocean colour products 

4.2.2.1 Chlorophyll-a 

NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS) sensor, on board the 

sun-synchronous, polar-orbiting satellite Aqua, became operational in 2002 and is still 

operational today. Monthly composite Level 3 MODIS ocean colour chlorophyll-a 

products (estimates produced by the OC3M algorithm, see Hu et al. (2012); O'Reilly et 

al. (1998)) were obtained at 4 km spatial resolution and spanning July 2002 to Dec 2019. 

These products (access via https://oceancolor.gsfc.nasa.gov/) are produced by the Ocean 

Biology Processing Group (OBPG) at NASA’s Goddard Space Flight Centre and are a 

proxy for phytoplankton biomass in the water column (mg m-3), widely used to indicate 

productivity of coastal waters (Davies et al. 2018; Dring and Dring 1992).  

https://www.bafg.de/GRDC/
https://oceancolor.gsfc.nasa.gov/
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4.2.2.2 Turbidity 

Ocean chlorophyll-a estimates can be overestimated in coastal waters, especially those 

where turbidity and suspended sediment concentrations are high (such as in river 

plumes, shallow estuaries and coastal regions where sediments can be re-suspended). 

Therefore, a measure of turbidity or suspended matter in the water column is used in this 

Chapter to contextualise findings. Remote sensing reflectance centred at 645 nm 

(Rrs645) is used to indicate relative turbidity due to river discharge and coastal (wave 

and tidal) energy in each RoRI. Remote sensing reflectance is the at-surface spectral 

remote-sensing reflectance observed by the satellite instrument after atmospheric 

correction (OBPG 2022). Atmospheric correction reduces the impact of contamination 

of readings due to nearby land, atmospheric interferences and other factors. The MODIS 

Rrs645 product has been described as an “excellent indicator” of turbidity and suspended 

sediment and has been used in several previous studies with good results (Aurin et al. 

2013; Babin et al. 2012; Dogliotti et al. 2015; Kirk 1994; Miller and McKee 2004; Wang 

et al. 2009).  Several previous studies (e.g. Fernández-Nóvoa et al. (2015); Hamidi et al. 

(2017); McCarthy et al. (2018)) have determined linear relationships between this 

MODIS band and turbidity in coastal waters. Many of these studies have commented that 

absorption features due to coloured dissolved organic matter (CDOM) and 

phytoplankton can impact reflectance measurements in this band, leading to 

underestimations of turbidity (Babin et al. 2012; Dogliotti et al. 2015). This makes this 

band more reliable in lower turbidity waters (where NTU ranges between 0 and 15 NTU). 

However, Rrs645 has the benefit of a lower water penetration depth than some other 

water quality products, which reduces interference from shallow seafloor areas and 

contribution to signals from upwelling and resuspension (Chen et al. 2007; Fernandez-

Novoa et al. 2017). Furthermore, the scope of this study is focussed on interpreting broad 

scale temporal patterns in coastal ocean turbidity and relationships between this and chl-

a  and river discharge, rather than highly precise measurements of turbidity.  Analysis 

ready 4 km Rrrs645 products (henceforth referred to as ‘turbidity’), enable 
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understanding of the influence of river discharge on coastal water turbidity over the long 

term.  

4.2.3 Extracting time series for trend analysis 

Areas where Spearman rank correlation (rs) >= 0.3 between river discharge and chl-a 

were used to define each river’s region of river influence (RoRI) (for correlation methods, 

refer Chapter 3). The sum of turbidity per pixel was calculated from each monthly 

composite satellite image and within each river’s RoRI, respectively. This was repeated 

with monthly composite chl-a imagery products. These MODIS product chl-a and 

turbidity time-series (refer Figure 4.1) respectively, were then subject to trend analyses 

in order. Constraining the extraction of time-series data to RoRIs aimed to reduce noise 

contributing to trend from other (e.g. seasonal) factors.  
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Figure 4.1: Lengths of available historical river discharge data used in this paper compared to MODIS Aqua data product availability.
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Table 4.1: Region of river discharge influence (RoRI) for the study rivers where 

correlation between river discharge and chl-a concentration is >= 0.3. 

River RoRI Number of pixels  Approximate area 

(km2) 

Murray 39 677 

Rhone 49 850 

Amazon 143,771 2,495,226 

Parana 1,078 18,709 

Mekong 24,639 427,624 

Mississippi 6,085 105,609 

 

4.2.4 Trend tests and overall correlation 

The non-parametric Mann-Kendall trend test is one of the most commonly used trend 

tests used in climate and hydrologic time series analysis (Helsel and Hirsch 1992). 

However, the Hamed and Ramachandra Rao (1998) modified Mann-Kendall test 

(henceforth, modified MK test) has demonstrated greater accuracy when tested on auto-

correlated data (e.g. time series with strong seasonal auto correlation) than the original 

Mann-Kendall test, with a greater empirical significance level and whilst retaining power 

(Hamed and Ramachandra Rao 1998). Here I use the modified MK test to determine 

presence or absence of an upward or downward monotonic trend in; river discharge, 

extracted time series of chl-a concentrations and Rrs645 (turbidity) in coastal RoRIs.  

To understand the strength of the relationship between variables, a nonparametric 

Spearman rank correlation test was also performed between variables’ time series 

extracted from each RoRI.  These findings, alongside results of trend analysis and within 

the context of each river’s management and location, the presence or absence of a 

changing influence of river discharge on coastal water quality.  
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4.3 Results 

A summary of the trend results is shown in Table 4.2. The coastal waters influenced by 

the Murray and Mississippi Rivers showed increasing trends in chl-a. Interestingly, 

Murray River discharge showed an increasing trend. The Amazon’s coastal RORI showed 

a decreasing turbidity trend, indicating declining turbidity in the coastal waters 

influenced by Amazon river discharge between 2002 and 2019. No significant monotonic 

trends were detected in river discharge data for the Rhone, Parana or Mekong rivers, 

respectively. This is also true of chl-a and turbidity time series for each of the same rivers 

(Table 4.2).  

Table 4.2: Trend directions from Hamed and Rao modified Mann-Kendall trend tests on 

monthly river discharge data, chl-a concentrations in coastal areas where Spearman 

correlation (between river discharge and chl-a time series) >= 0.3. Turbidity data was 

extracted per month within the region of interest (>= 0.3 rho between river discharge 

and chl-a time series).  

 
Flow  chl-a Turbidity Record end 

Murray increasing increasing no trend March 2019 

Rhone no trend no trend no trend December 

2014 

Amazon no trend no trend decreasing April 2018 

Parana no trend no trend no trend August 2014 

Mekong no trend no trend no trend December 

2007 

Mississippi no trend increasing no trend November 

2016 

 

4.3.1 Murray River  

The Murray River showed increasing trends in flow and chl-a concentrations in coastal 

waters between July 2002 and March 2019 (Figure 4.2a and b), but no clear trends in 

turbidity during this period (Figure 4.2c). Peaks in river flow and chl-a concentrations 

occur at approximately the same time (e.g. peaks in river discharge in late 2010, 2011, 

mid 2012 and late 2016/early 2017 coincide with peaks in chl-a) (Figure 4.2a). In 

addition, the pattern of turbidity appears somewhat synchronised with both river 
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discharge and chl-a. Most of the tallest peaks across the turbidity time series occur in 

synchrony with peaks in river discharge (November 2010, April –May 2012, June 2016 – 

Jan 2017) (Figure 4.2b and c). However, at some times, higher turbidity occurs 

independently of river discharge (e.g. Feb – March 2003, April – May 2015). A seasonal 

pattern is also present in time series data for both chl-a and turbidity (within the Murray 

RoRI) which was also observed in results of Auricht et al. (2018) (Chapter 2 herein). A 

moderate, positive relationship exists between river discharge and chl-a (rs =0.45) 

overall, as well as between river discharge and turbidity (rs = 0.4) while turbidity and chl-

a in the Murray RoRI are strongly correlated (rs = 0.78).  

4.3.2 Mississippi River 

Mississippi River discharge data from Vicksburg station, Mississippi showed no trend, 

while chl-a within the Mississippi RoRI has an increasing trend (Figure 4.3a and b). The 

modified Mann-Kendall test did not reveal any significant monotonic trend for turbidity 

(Figure 4.3c). Similarly to the results for the Murray River and correlated coastal waters, 

peaks in chl-a within the northern Gulf of Mexico RoRI coincided with peaks in 

Mississippi River discharge. Mississippi discharge and chl-a in the Mississippi RoRI are 

strongly correlated overall (Figure 4.3d, rs = 0.76). Turbidity in this region appears to 

peak alternately to chl-a and river discharge between October and January, on an annual 

basis. Mississippi River discharge is comparatively more variable but has an annual 

signal, with high flow rates usually reaching peak flow once per year above 30,000 m3/s. 

This usually occurs between April and July, but sometimes occurs earlier.  There is weak 

correlation between turbidity and river discharge (rs = 0.14) and between chl-a and 

turbidity (rs = -0.06) (Figure 4.3e and f). 

4.3.3 Amazon River 

The Amazon River discharge and RoRI chl-a concentrations show no clear trends (Figure 

4.4a and b). Turbidity, however, showed an overall decreasing trend in the Amazon 

RoRI. Peaks and troughs in river discharge time series are synchronised with peaks in 

chl-a at this monthly temporal resolution (Figure 4.4c). The highest values of chl-a 

concentration and river discharge in this region sometimes coincide with highs in 
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turbidity, but the signal of turbidity over time is largely inverse to the other variables. 

Amazon River discharge and chl-a in the very large Amazon RoRI (Figure 4.4g) have a 

strong, positive correlation overall (rs = 0.88) but there is effectively no relationship 

observed between river discharge and turbidity, and between chl-a and turbidity in this 

region (Figure 4.4e and f).  

4.3.4 Mekong, Parana and Rhone rivers 

The remaining rivers studied in this chapter showed no definitive trends in river 

discharge, chl-a or turbidity within respective RoRIs. However, in some river RoRIs, sum 

of chl-a and sum of turbidity were correlated. For example, correlation between turbidity 

and chl-a was strong (rs = 0.88) in the Mekong RoRI, yet weak between river discharge 

and turbidity (rs = 0.13). A strong positive correlation between Rhone RoRI chl-a and 

turbidity in the Gulf of Lion (rs = 0.8) was also present. Correlation results for the Parana 

River RoRI were also positive between turbidity and chl-a.   



 

139 

 

 

Figure 4.2: The spatial extent of the Murray region of river discharge influence (RoRI), 

where rs > 0.3 is shown in a). The results of Hamed and Rao modified Mann-Kendall 

trend tests on b) Murray River discharge, c) sum of chl-a concentrations per month 

within Murray RoRI d) sum of Rrs645 (turbidity) concentrations per month within the 

Murray RoRI, and Spearman rank correlation (rs) between e) river discharge and chl-a 



 

140 
 

concentration, f) river discharge and turbidity, and g) turbidity and chl-a over the 

MODIS time period. 

 

Figure 4.3: The spatial extent of the Mississippi region of river discharge influence 

(RoRI), where rs > 0.3 is shown in a). The results of Hamed and Rao modified Mann-

Kendall trend tests on b) Mississippi River discharge, c) sum of chl-a concentrations per 

month within Mississippi RoRI d) sum of Rrs645 (turbidity) concentrations per month 

within the Mississippi RoRI, and Spearman rank correlation (rs) between e) river 
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discharge and chl-a concentration, f) river discharge and turbidity, and g) turbidity and 

chl-a over the MODIS time period.  

 

Figure 4.4: The spatial extent of the Amazon region of river discharge influence (RoRI), 

where rs > 0.3 is shown in a). The results of Hamed and Rao modified Mann-Kendall 

trend tests on b) Amazon River discharge, c) sum of chl-a concentrations per month 

within Amazon RoRI d) sum of Rrs645 (turbidity) concentrations per month within the 

Amazon RoRI, and Spearman rank correlation (rs) between e) river discharge and chl-a 
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concentration, f) river discharge and turbidity, and g) turbidity and chl-a over the 

MODIS time period. 

 

Figure 4.5: The spatial extent of the Mekong region of river discharge influence (RoRI), 

where rs > 0.3 is shown in a). The results of Hamed and Rao modified Mann-Kendall 

trend tests on b) Mekong River discharge, c) sum of chl-a concentrations per month 

within Mekong RoRI d) sum of Rrs645 (turbidity) concentrations per month within the 

Mekong RoRI, and Spearman rank correlation (rs) between e) river discharge and chl-a 
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concentration, f) river discharge and turbidity, and g) turbidity and chl-a over the 

MODIS time period. 

 

Figure 4.6: The spatial extent of the Rhone region of river discharge influence (RoRI), 

where rs > 0.3 is shown in a). The results of Hamed and Rao modified Mann-Kendall 

trend tests on b) Rhone River discharge, c) sum of chl-a concentrations per month within 

Rhone RoRI d) sum of Rrs645 (turbidity) concentrations per month within the Rhone 

RoRI, and Spearman rank correlation (rs) between e) river discharge and chl-a 
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concentration, f) river discharge and turbidity, and g) turbidity and chl-a over the 

MODIS time period. 

 

Figure 4.7: The spatial extent of the Parana region of river discharge influence (RoRI), 

where rs > 0.3 is shown in a). The results of Hamed and Rao modified Mann-Kendall 

trend tests on b) Parana River discharge, c) sum of chl-a concentrations per month 

within Parana RoRI d) sum of Rrs645 (turbidity) concentrations per month within the 

Parana RoRI. Spearman rank correlation (rs) between e) river discharge and chl-a 
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concentration, f) river discharge and turbidity, and g) turbidity and chl-a over the 

MODIS time period. 
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4.4 Discussion 

River discharge has a profound influence on coastal productivity and coastal marine 

ecosystems (Gomes et al. 2018; Jickells et al. 2017; Sharples et al. 2017). However, the 

spatial scale of this influence is often not well understood, nor is how the influence may 

change over time. This knowledge is critical, as river flow is increasingly modified due to 

both anthropogenic and climatic factors. The findings of this chapter indicate that for 

some river systems (Murray, Mississippi and Amazon), in coastal regions where there is 

a known influence on water quality due to river discharge, water quality has also changed 

over time. However, the results of analysis on all rivers studied here showed largely 

unexpected trends and some which are contrary to previous studies (e.g. Murray river 

discharge), while others show no trend (e.g. Amazon, Mekong and Rhone river discharge 

and chla, respectively). These findings do not support the initial hypothesis that 

declining or increasing trends in river discharge will be parallel to trends in chl-a and 

turbidity in RoRI of the same direction. This demonstrates that more research is required 

on this frontier.  

The modified Mann-Kendall test indicates increasing trends in chl-a concentrations 

within RoRI of two of the six rivers studied: the Murray and Mississippi rivers. 

Interestingly, while there is no trend detected in Amazon River discharge or chl-a within 

the Amazon RoRI, trend in turbidity is decreasing in this region (Figure 4.4c). For the 

remaining rivers and their corresponding coastal regions investigated in this chapter, 

there were no strong increasing or decreasing trends in river flow, chl-a concentrations 

or turbidity in respective RoRI.  

The Murray River discharge showed an increasing trend across the study period (Figure 

4.2a). This result was unexpected as several previous studies of the river have indicated 

the opposite, although many of these spanned longer or different study periods. The 

Murray River experienced the “millennium drought” from early 2000’s until roughly 

2011, with no flow from the river mouth to the sea in 2007. Then widespread heavy 

rainfall broke the drought in late 2010 (Aldridge et al. 2018; Gibbs et al. 2018), with high 
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flows from 2011-2013 and in late 2016 (Figure 4.2a). The Murray Darling Basin Plan, 

which recovered water for the environment from irrigators, also began to be 

implemented from 2012. The sequence of the events and changes captured in the time 

series explain the unexpected increasing trend seen here, contrary to longer term study 

periods which reveal different overall trends (e.g. CSIRO (2008); Goesch et al. (2020); 

BoM (2020)). The Millennium Drought event in the time series may also have biased the 

results of the modified MK trend test which has underlying assumptions of monotonic 

trends. 

Increased severity and length of droughts and reduced flow are likely to occur in the 

future (and indeed, the millennium drought may have been a sign of these). Thus, these 

flooding events cause large distinctive peaks in the time series and suggest an increasing 

river discharge trend (Figure 4.2a). Our previous research, Auricht et al. (2018), 

presented in Chapter 2, shows that chl-a concentrations remained consistently low 

during the drought period beyond the Murray Mouth, and this region of the coast 

exhibited no characteristics of the stimulation effect that river discharge would usually 

promote in nearby coastal waters.  

Some peaks in Murray RoRI turbidity occur at opposite times of year to river discharge 

but coincide with peaks in chl-a (e.g. between 2007 and 2009, Figure 4.2b and c). This 

suggests that turbidity and chl-a are more closely related to one another than each are to 

river discharge. This is reflected in the Spearman correlation results, where chl-a and 

turbidity have an rs of 0.78 (Figure 4.2f). For example, peaks in both turbidity and chl-a 

occur sometime between April and June, annually. At these times of year, this region 

experiences lower mean wind speeds but higher maximum wind gust speeds with greater 

variability in wind direction (BoM 2022a; BoM 2022b). These conditions influence 

mixing of the water column, likely affecting mixed layer depth and thus are likely the 

primary drivers in change in turbidity and phytoplankton productivity here, in the 

absence of river discharge (Hopkins et al. 2021). However, the dynamics of wind-driven 

mixing require further investigation in this specific location.  Although chl-a estimations 



 

148 
 

can be affected by concurrent increases in turbidity, in situ measurements in Auricht et 

al. (2018), Chapter 2, showed that turbidity is removed (e.g. via sedimentation) within 

10 km of the river mouth during high flow events. They therefore do not likely affect chl-

a estimations here.  

Amazon River flow and chl-a within the Amazon RoRI showed no trends, while turbidity 

showed a decreasing trend between July 2002 and April 2018 (Figure 4.4c). This 

suggests that while concentrations of phytoplankton have not changed over this period, 

turbidity has decreased. Spearman correlation overall between Amazon River discharge 

and the sum of chl-a within the Amazon RoRI is very strong with rs = 0.88. However, 

correlation is weak between turbidity and chl-a, and river discharge and turbidity  

(Figure 4.4d and e). The signal of turbidity over time is largely inverse to the other 

variables, but is occasionally synchronised to increases in river discharge. The true cause 

of the turbidity trend is difficult to determine with certainty, as the Amazon RoRI covers 

a vast area of both coastal and open ocean. However, correlation between Amazon River 

discharge and turbidity in the Amazon RoRI is very weak (rs = -0.17), perhaps indicating 

that the trend in turbidity is not strongly linked to river discharge. The reasons for this 

observation are unclear but it is possible a declining trend in turbidity in coastal waters 

beyond the mouth could be attributed to reduction of deforestation in the Amazon basin. 

Official deforestation rates in the Brazilian Amazon reached a historical peak in 2004 

during which 22,772 km2 of rainforest were clear-cut (Assis et al. 2019; Silva Junior et 

al. 2021). The rate was reduced by 84% of this value by 2012, but has been increasing 

again since 2013 with more than > 10,000 km2 of forest cleared in 2019 (Silva Junior et 

al. 2021). The MODIS Rrs645 dataset used to indicate turbidity in this study begins in 

2002 and extends to April 2018, capturing the period of these changes in the basin. 

Although there is no trend in river discharge, this study does not explore river discharge 

concentrations (e.g. N and P concentrations) for the Amazon. It is possible that while 

river discharge volume has remained relatively steady from 2002 to 2019, concentrations 

of nutrients and sediments in river discharge have changed, possibly declining as 

deforestation rates have reduced. This could explain a declining trend in turbidity in the 
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Amazon RoRI, in the absence of a trend in chl-a or river discharge. However, it still does 

not explain a weak correlation between river discharge and turbidity, and further study 

would be required to determine whether turbidity in the coastal waters beyond the 

Amazon River mouth has truly been affected by changes in deforestation rates and land-

use changes within the Amazon basin.  

Based on the modified Mann-Kendall trend test results, the Mississippi had no strong 

trend in river discharge. While this finding is not consistent with the results of Pinter et 

al. (2008) who assessed 66 stations along the Mississippi river system and confirmed a 

pattern of overall increasing flows, the significant tends were only detected on the upper 

reaches of the Mississippi, upstream of most of the reservoir storages of the system. The 

data used in the present study to analyse Mississippi river discharge came from 

Vicksburg, Mississippi, below the Missouri and Ohio River confluences. In contrast, Liu 

et al. (2013) developed a dynamic land ecosystem model integrating evapotranspiration 

and runoff data estimations, and examined a century of modelled annual Mississippi 

River discharge data (between 1901 and 2008). They detected no significant trends in 

runoff, precipitation or river discharge across the full study period. However,  climate 

change and land use change had similar magnitudes of impact on runoff and 

precipitation ratio and water fluxes in the Mississippi-Atchafalaya River basin. It appears 

that reductions in peak flows due to dam retention have been offset by increases in runoff 

due to climate change and changes in land-use (Pinter et al. 2008; Yasarer et al. 2020). 

Despite the presence of these factors, no clear trend was detected for monthly river 

discharge data between 2002 and 2019. It is possible that the records from 2002 (when 

MODIS became operational) are insufficient to capture a strong monotonic trend, if 

there is one. In addition, the increasing trends of chl-a in the Mississippi RoRI are 

consistent with increasing nutrient loading. The northern coast of the Gulf of Mexico is 

a known and predictable “dead zone” where river discharge from the Mississippi and 

Atchafalaya rivers have annually increased productivity to the point that coastal waters 

become anoxic (Rabalais et al. 2002; Syvitski et al. 2005). It therefore makes sense to see 

an increasing chl-a trend in this RoRI.  
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Although most results here do not necessarily suggest distinct trends in river discharge 

since 2002, or consequent trends in chl-a concentration or turbidity (Rrs645), 

examination of longer or different periods of data, where they exist, would reveal 

different patterns to further enhance our understanding of global scale river influence on 

coastal waters. The duration of MODIS Aqua’s operation is a limitation of this paper, as 

a longer temporal record would provide more information from which to determine a 

monotonic trend against river flow records.  Despite that Landsat has been used in 

previous studies for similar studies (e.g. Han and Jordan (2005); Hu (2009), sometimes 

in combination with MODIS data (e.g. Fu et al. (2018)) the temporal frequency of 

Landsat imagery is not as fine as MODIS and the sensor was not designed for ocean 

applications. There is still no globally-accepted Landsat chl-a method for water quality 

analysis applications (Bierman 2010). Further development of sensors to monitor coastal 

and inland waters is required.  

Results in this chapter, derived from the modified Man-Kendall trend testing of MODIS 

time series, do not always result in monotonic trend detection. In future research, it will 

be beneficial to explore other statistical approaches to trend testing and correlation 

between river discharge, chl-a concentrations and turbidity of receiving coastal waters.  

The global scale influence of river discharge on coastal phytoplankton biomass and 

turbidity has not been estimated as of yet. While some rivers studied in this chapter have 

arguably some of the world’s greatest discharge volumes (e.g. the Mississippi and 

Amazon), more global rivers require investigation. This would not only enable 

development of more globally representative estimates but also increase local to global 

scale understanding of the influence of river discharge on coastal water quality. As our 

freshwater resources are increasingly under demand and river flow is continually 

modified, with climate change further reducing rainfall and catchment runoff in many 

regions of the world, the response of coastal waters to these changes is critical to monitor. 
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4.5 Conclusion 

Coastal ecosystems are some of the most productive and important in the world, and a 

part of the ocean’s hydrological and carbon cycle. Findings of this chapter provide an 

indication on whether the anthropogenic changes (including climate change) affecting 

river discharge for six target rivers, are also affecting the coastal productivity and water 

quality of coastal marine systems. Three rivers investigated in this paper have significant 

temporal trends in coastal water quality within regions of river discharge influence, 

indicating changes in river influence over time. However, for the other three rivers, a 

monotonic trend spanning multiple decades may be present but cannot be revealed from 

the shorter time-spans examined here. Future research may further develop the methods 

used herein, to contribute further knowledge and understanding of the spatial and 

temporal scale of influence of river discharge on coastal water chl-a and turbidity, and 

how this may change over time.   
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Appendix C 

C.1 Additional statistical information and results 
from Mann-Kendall trend test on river discharge, 
chl-a, and turbidity.  

Table C.1.: Hamed and Rao modified Mann-Kendall trend test results of river discharge 

data.  

 
trend in 

flow 

p-

val 

z Tau s var_S slope intercept 

Murray increasing 0.02 2.27 0.29 5842 6628704.87 0.05 3.43 

Rhone no trend 0.71 0.38 0.03 381 1022567.55 0.13 293.83 

Amazon no trend 0.70 0.38 0.01 248 415505.94 26.08 174767.93 

Parana no trend 0.16 1.40 0.11 1146 670021.89 9.46 16044.12 

Mekong no trend 0.35 0.93 0.07 159 28735.02 28.88 11876.48 

Mississippi no trend 0.81 0.24 0.01 185 580334.08 1.98 18908.96 

 

Table C.2: Hamed and Rao modified Mann-Kendall trend test results on chl-a 

concentrations over time for each river’s region of river influence (RoRI).  

RoRI trend in 

chl-a 

p-

val 

z Tau s var_S slope intercept 

Murray increasing 0.04 2.01 0.17 3358 2791111.91 0.03 16.73 

Rhone no trend 0.50 0.67 0.03 301 198757.43 0.02 38.93 

Amazon no trend 0.15 1.43 0.04 791 305631.25 21.10 43812.24 

Parana no trend 0.19 1.30 0.12 1295 994579.02 5.33 2338.42 

Mekong no trend 0.68 0.41 0.05 99 55960.82 6.83 8405.84 

Mississippi increasing 0.00 7.67 0.14 2720 125569.64 17.95 13945.76 

 

Table C.3: Hamed and Rao modified Mann-Kendall trend test results on turbidity 

(Rrs645) concentrations over time for each river’s region of river influence (RoRI).  

RoRI 
trend in 

Rrs645 

p-

val z Tau s var_S slope intercept 

Murray no trend 0.27 1.10 0.08 1646.00 2232388.95 0.00 0.02 

Rhone no trend 0.15 1.43 0.09 1012.00 503132.68 0.00 0.03 

Amazon decreasing 0.00 

-

4.66 

-

0.22 

-

3824.00 672439.28 -0.03 27.00 

Parana no trend 0.11 1.58 0.06 664.00 175621.97 0.00 0.97 

Mekong no trend 0.92 

-

0.10 

-

0.01 -22.00 46596.18 0.00 7.34 

Mississippi no trend 0.72 

-

0.37 

-

0.01 -278.00 575880.34 0.00 9.30 
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Chapter 5  

Conclusion 
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There is a paucity of knowledge of the influence of river discharge on coastal ocean waters 

in many regions of the world. There are no standard, conventional methods or broadly 

applicable approaches for estimating the spatial scale of influence or the strength of the 

relationship between river discharge and coastal ocean productivity and water quality. 

However, such a method could enable investigation into the influence of river discharge 

on marine systems around the world and be incorporated into broader scale modelling 

and predictions. How this relationship may change under declining river flow, due to 

anthropogenic intervention and climate change is crucial to decision-makers, managers 

and environmental policy makers from local to global scales.  In this thesis I demonstrate 

the development and use of remote sensing methods for investigating and understanding 

the broad scale relationships between river discharge and coastal water quality and 

productivity for a number of globally significant rivers. This has led to several important 

findings.   

5.1 Key findings  

5.1.1 Local to regional scale stimulative effects of river discharge on coastal 

water quality. 

The research presented in Chapter 2 investigated the influence of the Murray River 

(Australia) on coastal waters using remotely sensed ocean colour data over the 

millennium drought (low and no flow periods) and following high flow years. The study 

demonstrated local to regional scale influence of river discharge on chlorophyll-a (chl-a) 

concentration, a proxy for phytoplankton biomass, and particulate organic carbon (POC) 

in the Southern Ocean. The research revealed that this influence and stimulative effect 

was not present during the Millennium drought, likely due to lack of river discharge. Key 

findings of this Chapter included: 

 A strong linear relationship between Murray River discharge and coastal ocean 

chl-a (R2 = ~0.8) and particulate organic carbon (R2 = ~0.6) in an 8 km radial 

buffer zone from the Murray Mouth. 

 The stimulative effect of river discharge on chl-a in the Southern Ocean coastal 

waters was lost during the millennium drought. There was no additional coastal 
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ocean productivity above background levels between 2007 and 2010, when river 

discharge ceased.  

 Under high flow conditions (post-drought flood in 2012), chl-a concentration was 

elevated up to 60 km from the Murray River mouth.  

 The observed zone of Murray River influence was at least three times greater than 

the measured maximum extent of salinity dilution caused by the freshwater river 

plume and turbidity was not substantially elevated beyond 10 km from the mouth 

(indicated by in situ salinity transect data). This suggested a causal link between 

the observed increased coastal-ocean productivity and the river discharge.  

5.1.2 Image based ocean colour analysis can be used to effectively identify 

regions of river discharge influence. 

Satellite remote sensing imagery has been used successfully in all research chapters 

of this thesis (Chapters 2, 3 and 4) to identify regions where coastal chl-a and other 

water quality parameters are influenced by river discharge.  

The methodology of Chapter 2 depended on local knowledge of the plume direction 

under high flow. However, river plume extent and direction is not known for many 

systems and can change under various conditions. Chapter 3 used an objective 

method, less reliant on local knowledge than some other approaches, in an attempt 

to identify region(s) of river discharge influence (RoRIs). Identifying RoRIs enables 

monitoring of these regions for change into the future and helps to focus future 

research. Determining RoRI was done by performing a spatiotemporal correlation 

analysis between the time series of chl-a (for each pixel in several years of satellite 

imagery) and a corresponding time series of river discharge data. The research 

presented in Chapters 2, 3 and 4 showed that for many regions, river discharge may 

have a great influence on coastal ocean productivity and water quality. More 

specifically, these findings include: 
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 Analysis of several years of MODIS ocean chl-a imagery showed that Murray 

River discharge has a large influence, elevating chl-a concentrations up to 60 

km from the river mouth under high flow conditions (refer Chapter 2). 

 When Murray River flows ceased, the stimulation effect of river discharge on 

coastal waters is lost and reduced to background (seasonal) levels. This 

illustrates that the Murray River may have a greater stimulative effect on the 

marine environment than has been previously acknowledged. Prior to this 

study, there was no published, empirical evidence of this specific link between 

Murray River discharge and coastal ocean productivity.  

 Based on MODIS ocean chl-a products, the method developed in Chapter 3 

identified the spatial extent of long-term river discharge influence on chl-a 

concentrations in coastal oceans, indicating strong links between variables for 

six out of eleven globally significant rivers. These included the Rhone 

(France), Amazon (South America), Parana (South America), Murray 

(Australia), Mekong (Asia) and Mississippi (USA) rivers.  

 Spatiotemporal analysis of MODIS satellite imagery products in Chapter 3 

identified a large area where Amazon river discharge influences not only 

coastal ocean chl-a, but also chl-a concentrations of the open ocean, in areas 

consistent with previous studies as well as areas beyond. These are indicated 

by correlations greater than 0.5 rs.   

 Chapter 4 applied the methodology of Chapter 3 to investigate the 

relationships between river discharge and regions of river discharge influence 

and how these relationships may change over time. The study indicated 

strong relationships in some areas and highlighted the complexities of river 

influence on coastal productivity and turbidity.  



 

166 
 

5.1.3 Development of a more objective, repeatable method of identifying 

coastal waters influenced by river discharge.  

The spatiotemporal analysis used in Chapter 3 was more objective than some other 

image-based methods used in previous research because it does not require local 

knowledge of the system, or supervised classification of ocean colour products.  

 The spatiotemporal method of Chapter 3 was found to be more effective for 

larger river systems discharging to ocean waters with less complex nutrient 

dynamics and weaker seasonal productivity patterns, most notably in 

temperate regions (e.g. the Mediterranean Sea, to which the Rhone River 

discharges). For rivers with irregular flow time series, identification of the 

long-term spatial influence of chl-a concentration could be determined more 

effectively.  

5.2 Significance and broader implications 

Findings from my thesis highlight the capacity of Earth observation techniques and 

analysis for monitoring changes in coastal ocean water quality. The MODIS chl-a ocean 

colour product used in this thesis is based on the OC3M algorithm and is designed for 

application in Case 1 waters where colour is predominantly influenced by phytoplankton. 

Generally, use of these Case 1 products is discouraged in Case 2 waters (Bierman et al. 

2011). However, the findings of this thesis demonstrate that these products can be used 

effectively to identify regions influenced by changing volumes of river discharge, 

including broad application in coastal Case 2 waters. Further consideration and potential 

review of Case 1 and Case 2 waters may therefore be necessary. It could also be beneficial 

to attempt further classification of Case 2 waters. This could break down a range of water 

types from those where reflectance is dominated by chl-a alongside CDOM and other 

reflective matter in the water column, to those where the majority of optical reflectance 

is derived from non-algal turbidity and CDOM. This would help to identify more 

appropriate ocean colour algorithms for analysing a range of global coastal 

environments.  
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To the best of my knowledge, the research of Chapter 2 was the first study to investigate 

the relative effects of Murray River discharge on the coastal waters beyond the Murray 

River mouth, and the first to do so with remote sensing techniques. It is therefore a 

ground breaking study, and has increased interest in the potential effects of river flow on 

marine species which have so far gone largely unmonitored in this region, as well as the 

potential effects this may have had, or will have as flows have been or are reduced in the 

future. 

In addition, the method developed in Chapter 3 contributes a more objective and broadly 

applicable remote sensing based method for detection and monitoring of regions 

influenced by river discharge. There is currently no standardised or conventional 

method, based on objective image based analysis, to identify regions of coastal waters 

which are influenced or affected by river discharge of varying volume across space and 

time. A rapid method is required which can aid decision makers to determine whether 

these land-sea connections should be included in the scope of management and warrant 

further resources for investigation (Fredston-Hermann et al. 2016). However, river 

plume extent and direction is not known for many systems in data-poor regions, and can 

change under various conditions. The methods of Chapter 2 depended on local and 

regional scale knowledge of the system and is repeatable. However, it is not necessarily 

transferable across systems, due to its reliance on local knowledge or data. The 

spatiotemporal analysis used in Chapter 3 does not rely on local or regional knowledge, 

meaning it is more applicable to data-poor regions. Without this knowledge, it is difficult 

to effectively conserve natural systems. The techniques of this thesis can inform how the 

linked systems could be managed, including those in data-poor regions, as it is based on 

freely available satellite imagery products with global coverage and river discharge data 

(which can also be obtained for free in many instances). In regions where local knowledge 

on the extent of river plumes is understood, the methodology of Chapter 2 may be useful. 

While in locations where it is not known, or studies comparing a number of discharging 

systems, the methods of Chapter 3 may prove more useful. The methods of this thesis 

could be further developed for monitoring purposes in the future.  
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Although river discharge patterns and river plumes have been studied in some coastal 

regions, it remains to be seen if and how the influence of river discharge on coastal 

productivity and water quality has changed over the long term. This is a pertinent 

question, as river discharge has been altered at global scales and, in many locations, has 

reduced due to extraction, modification and management. Chapter 4 explored the long 

term trends in river discharge, alongside trends in coastal chl-a concentrations and 

turbidity (via time series extracted from RoRIs identified in Chapter 3). The findings of 

this Chapter did not support the initial hypothesis that declining or increasing trends in 

river discharge will be parallel to trends in chl-a and turbidity, but suggested the 

relationship between river discharge, coastal chl-a and turbidity are likely very complex 

for these systems. It is likely the relationships between these variables may be changing 

over time. The lack of clear trends for three of the six rivers investigated, highlights the 

need continued and further development of spatiotemporal research methods based on 

satellite imagery. It is crucial that as river discharge volumes are altered in the future due 

to anthropogenic pressures (including climate change) there is continued research into 

the numerous ways this may affect coastal water quality, productivity and ecosystems.  

Overall, the research of this thesis lays a groundwork from which future research can 

build in order to more closely monitor river plume waters and river plume influence on 

coastal ocean waters and marine environments. This can be achieved by using remote 

sensing or Earth observations techniques. 

5.3 Limitations and recommendations 

While a number of important and useful advancements in knowledge and methodology 

are presented in this thesis, it is important to consider the limitations of the research 

herein.  

5.3.1 Awareness of general limitations in monitoring change in natural 
environments 

In some regions, river flow has been managed since ancient times and indeed, many 

ancient and present-day civilisations could not exist without careful management of 
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freshwater systems (Mithen 2010). In the more recent past, prior to modification at the 

scales we see today, many river systems delivered larger volumes of water to the coast 

than they have in the last century. Historical data and information prior to intensive river 

flow regulation and management is often limited or in some cases, non-existent. 

Therefore, it is unclear how river discharge influenced coastal ocean waters and 

ecosystems prior to exhaustive anthropogenic pressure and anthropogenic climate 

change. There is therefore limited data available to 1) establish a baseline of coastal ocean 

productivity or river discharge, and 2) to compare to current day estimates of river 

discharge influence or the impact of river flow management on coastal water quality and 

productivity. However, current research and data available suggests that the influence of 

river discharge was greater in the past than in more recent decades, at least in some 

regions. For example, the findings of Chapter 2 show that the Millennium drought 

reduced coastal ocean productivity of the Southern Ocean to background levels as 

Murray River flows ceased. Hind-cast time series data also revealed that it is likely that 

productivity was higher in this region with greater flow in the past. Similarly, chapter 3 

determined large regions of river discharge influence for many global rivers, including 

the Amazon River, extending beyond the estimates of other research. However, river 

discharge data and the record length of operational remote sensors limits the ability of 

researchers to determine the true scale of change. This is also true of the methods used 

and developed in this thesis. Because of these limitations, the need to monitor river-

discharge affected or influenced regions is crucial in the future. Although the ability to 

compare present day river discharge influence to that of rivers before intensive 

anthropogenic pressure and intervention is limited, there are a number of areas where 

we can further improve our understanding of river influence on coastal ecosystems into 

the future. 

5.3.2 Refining methodology and testing alternative approaches 

I have several suggestions for possible refinements to the methodology used in this thesis 

for future research. These include incorporation of temporal and spatial ‘decay’ in the 
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spatiotemporal analysis method presented in Chapter 3 and potential ways of increasing 

satellite imagery record lengths.  

5.3.2.1 Incorporating temporal and spatial ‘decay’ 

A limitation of the method developed in Chapter 3 was the lack of a method to integrate 

temporal and spatial decay. Therefore, future method development to incorporate 

temporal lag between river discharge and chl-a, POC and turbidity may reveal stronger 

relationships between variables than was detected in this research. The research herein 

is based on monthly composite satellite imagery. Use of composite data was a deliberate 

choice, to minimise data-loss due to cloud cover and to capture effects at a moderate 

temporal resolution. The current, presented methodology assumes that ocean water 

quality at a point (pixel) close to the river mouth would respond during the same period 

(month) and would have the same sensitivity as a point several kilometres away. It is also 

possible that temporal autocorrelation within this data allows a relationship to be 

detected even if there is a one-month lag. Lagged relationships are typical in natural 

systems, therefore it is possible there are lagged temporal and spatial relationships 

between river discharge and coastal water quality, as well as river discharge and open 

ocean water quality and productivity, beyond one month. Therefore, incorporating finer 

temporal resolution, and the development of temporal and spatial decay analysis 

methodology may create a more accurate and reliable picture of the true influence of 

river discharge on coastal water productivity.  

5.3.2.2 Combining and comparing imagery from different satellite-based 

sensors 

Combining imagery from multiple sensors may help to lengthen remote sensing time 

series and therefore improve detection of long-term trends in river discharge and coastal 

ocean productivity and water quality. The length of river discharge records in these 

chapters were necessarily restricted to those of the MODIS ocean colour product record. 

This meant record starts were limited to July of 2002 (when MODIS Aqua became 

operational), even though for some rivers much longer temporal flow records were 

available. This influenced some of the findings of Chapters 3 and 4. For example, use of 
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the Hamed and Ramachandra Rao (1998) modified Mann-Kendall (MK) trend test 

implemented on Murray river discharge data in Chapter 4, suggested an overall 

increasing trend in river discharge. This is an artefact of the restricted temporal extent, 

and not consistent with studies covering  longer temporal records (e.g. Meteorology 

(2020) studied more than 50 years of daily river flow data and determined an overall 

declining trend in the Southern regions of the Murray River system). While the modified 

MK trend test results are accurate for the studied periods, they may not be representative 

of the broader scale temporal trends, including that of the Murray River. For rivers which 

have long pre-2002 records, remote sensing image products from other sensors could 

potentially be used to investigate longer-term relationships between variables. However, 

this would need to be done with caution. For example, NASA’s Thematic Mapper TM 

sensor has delivered Earth observation data for almost 27 years, aboard Landsat 5 and 

operational between 1984 and 2011. This has several years of overlap with MODIS Aqua 

data which could be compared and used to buffer estimations. Landsat 5 TM data have 

shortcomings when compared to MODIS Aqua in that Landsat’s sensors were not 

designed for ocean colour applications.  Despite this,  Landsat data may help to extend 

the record length of imagery for analysis for investigating long-term trends. However, 

users would need to be careful when comparing between Landsat and MODIS products.  

Alternatively, or in addition to these changes, the use of the spatiotemporal correlation 

method should be tested on ocean colour products with greater spatial resolution. It is 

possible to process MODIS Aqua imagery at ~250 m resolution, rather than ~4 km which 

was used in Chapters 2, 3 and 4. While this resolution was sufficient for investigating 

broad scale and long-term influence of river discharge, the spatiotemporal correlation 

analysis developed in Chapter 3 was less effective at identifying regions of river discharge 

influence for those rivers with lower flow volumes, or where flow was highly seasonal in 

nature. The use of finer scale spatial imagery products may increase the effectiveness of 

this approach in identifying RoRI for smaller rivers and to delineate seasonal patterns of 

productivity from those due solely to river discharge.  
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5.4 Recommendations for future research 

The research in this thesis has led to the identification of several important potential and 

promising avenues of research, pertinent and essential to monitoring open and coastal 

ocean water quality and productivity with satellite imagery and remote sensing 

techniques in the future. These include the use of the spatiotemporal method used in 

Chapter 3 to explore the relationships between productivity and other naturally 

occurring phenomena in the context of anthropogenic climate change, the importance 

and need for continued in situ monitoring and satellite based sensor and algorithm 

development.  

5.4.1 Using spatiotemporal analysis to explore effects of other broad scale 
phenomena 

The spatiotemporal correlation method presented in Chapter 3 has potential for 

monitoring a range of other broad scale phenomena which influence open ocean 

phytoplankton, beyond the scope of this thesis. For example, the spatiotemporal method 

could be refined or adjusted to estimate the strength of the relationship between aerosol 

emissions or iron-dust deposition and phytoplankton biomass. Aerosol emissions, such 

as those derived from wildfires, can carry macro-nutrients and trace metals such as iron, 

nitrogen and phosphorus (Barkley et al. 2019; Schlosser et al. 2017), stimulating 

phytoplankton blooms in open ocean regions, far from land (Tang et al. 2021). Wildfires 

in many areas of the world are also predicted to increase in frequency and severity in the 

future (Bowman et al. 2020). Therefore, climate change is predicted to affect the 

magnitude of phosphorus provided to the worlds’ ocean basins by aerosol deposition 

(Mahowald 2011; Okin et al. 2004). Indeed, some continents have seen an increase in 

catastrophic wildfires in very recent years. Widespread, unprecedented wildfires 

occurred in the Amazon rainforest and across several states of Australia, respectively, in 

2019 and 2020.  Tang et al. (2021) determined a strong link between chl-a of the open 

ocean and optical aerosol thickness with MODIS products. Using the spatiotemporal 

analysis method could enable detection and monitoring of these relationships at broad 

scales.  
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The spatiotemporal method could also be adjusted and used to detect phytoplankton 

blooms due to iron dust deposition. Wind speed and soil erosion is also predicted to 

increase due to extreme winds in the future (Mahowald et al. 2011). Therefore, there may 

be greater amounts of limiting nutrients supplied to oceans in the future, compared to 

earlier years. However, how this will affect the productivity of oceans in the future is 

uncertain. It will therefore be necessary to further develop monitoring detection methods 

and applications to determine how these events may affect global or even regional scale 

productivity and water quality in future years.    

5.4.2 A necessity for further in situ coastal water quality monitoring alongside 
remote sensing methodologies 

There is an undeniable need to explore coastal regions of river discharge influence both  

in situ and remotely. In some locations, the ability of river plumes to alter pH, 

sedimentation, salinity and light penetration of the coastal water column had led to the 

assumption that these conditions would suppress aquatic and marine life in these 

locations (Moura et al. 2016). However, there is cumulative evidence of species 

dependencies on river discharge to coastal regions. Some research suggests preferential 

foraging of species in coastal river plume regions (Broadley et al. 2022; Burla et al. 2010; 

Drinkwater and Frank 1994; Gillanders and Kingsford 2002). For example, it was 

suggested that little penguin populations off the coast of South Australia may depend on 

river discharge to stimulate productivity in the region or provide a queue for spawning 

or aggregation of prey fishes (Colombelli-Négrel 2015).  Further emphasising the need 

for continued in situ exploration and sampling is the discovery of a large and extensive 

carbonate reef system off the Amazon River mouth, beneath the river plume (Moura et 

al. 2016).  Now known as the Great Amazon Reef System, more recent research suggests 

this mesophotic reef, appearing to be mostly consisting of sponges and other calcareous 

filter-feeding organisms, could span up to ~56,000 km2 (Francini-Filho et al. 2018). 

Discoveries like these, which have only occurred in the last decade, demonstrate the lack 

of knowledge and understanding regarding the influence of river discharge and river 

plumes on coastal waters and marine species. This highlights the need for continued 
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research in river plumes regions of influence. These discoveries were only made due to 

exploration of and attempts to monitor these environments. In earlier times, exploration, 

observation and sampling of river plume regions and below benthic communities in situ 

was limited by technical specifications of equipment (e.g. depth limitations). In more 

recent years, technology has advanced and exploration and sampling is easier to conduct 

in turbid plume waters both in situ and remotely. In addition, sampling of water in river 

plumes will enable further validation, refinement and development of ocean colour 

algorithms. Some of this data could be used specifically to target, identify and classify 

river plume waters and regions of river discharge influence.  

5.4.3 Sensor development, increased sampling and advancement of optical 

algorithms 

5.4.3.1 Current initiatives 

Several developed ocean colour satellite imagery products currently exist for water 

quality monitoring of open ocean waters, but fewer have been developed specifically for 

coastal and inland water applications. There is a clear gap in applications of remote 

sensing in these regions which is largely due to the limitations of current ocean colour 

products. However, there is now an increasing number of projects, including Australian 

Government funded projects, to investigate and develop solutions for the purpose of 

monitoring conditions in coastal and inland waters. For example, AquaWatch Australia 

is a mission with collaborators across industry, research and Australian Government 

bodies to establish a comprehensive “ground-to-space” national water quality 

monitoring system of both coastal and inland water bodies and waterways (see 

https://www.csiro.au/en/about/challenges-missions/aquawatch). Projects such as 

these are promising and necessary for improving our understanding of land-sea 

interactions and change in water quality and productivity in optically complex waters. 

However, assessing water quality at times prior to the launch and operation of these new 

projects (at time of writing, the sensor for the AquaWatch project was still under 

development), still requires older sources of data.  

https://www.csiro.au/en/about/challenges-missions/aquawatch
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5.4.3.2 Measuring salinity from space 

Another line of research that could further develop our knowledge of riverine influence 

on marine systems as well as inland waters, is the development of algorithms specifically 

designed to estimate salinity. At present, satellite imagery based salinity estimates are 

available at somewhat coarse spatial resolution because of three satellite based missions. 

NASA’s Aquarius instrument and mission as well as the European Space Agency’s Soil 

Moisture and Ocean Salinity (SMOS) mission all aim to estimate sea surface salinity at 

very coarse spatial resolution  (150 km and 200 km, respectively). Aquarius has a seven 

day return period and was operational between 2011 and 2015. The SMOS satellite was 

launched in 2009 and is still operational with a temporal resolution of approximately 28 

days and sun-synchronous orbit. These products are likely too coarse to detect the 

plumes of the majority of the world’s rivers. Development of sensors that can map 

salinity at finer spatial resolution would enhance the ability of researchers to track and 

identify river plume and river influenced waters in coastal regions, particularly those 

with more moderate flow volumes and rates.  

There remains to this day a lack of knowledge about ocean systems in general. More 

funds are currently applied towards research focussed on the mysteries and exploration 

of outer space than the depths of our own oceans on Earth (Etzioni 2014). However, the 

research herein relies on some technologies (remote sensing via satellite platforms) 

which were in part, developed for space exploration as well as a deep understanding and 

desire to understand natural systems on Earth. This thesis is a small demonstration of 

the capabilities possible by combining both Earth observation, spatial and marine 

sciences. The research within and following this thesis may aid in better articulating to 

funding bodies the importance of research at the land-sea interface, and that this can be 

done in parallel and in combination with investment in space technologies such as 

orbiting satellites and remote sensing algorithm refinement. There are many more 

discoveries to be made from Earth observation and from researching land-sea 

interactions.  
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The influence of river discharge on coastal ocean productivity is often viewed as an 

“impact” which has negative effects on marine environments and species. However, this 

view is derived from a generalised belief that freshwater discharge to the coast is harmful, 

stemming from a lack of knowledge and understanding of the potential positive role of 

freshwater discharge in marine systems. The relationship between coastal water quality 

and productivity is very complex and sensitive to change. Whether the effects of 

discharge are positive or negative or at a mid-point for marine environments and species, 

depends on volume, timing, location, concentration and consistency of river discharge 

into the coastal environment as well as the biophysical drivers at play in the coastal 

environment and finally, the communities and stakeholders which depend on them. 

Ways of measuring the influence of river discharge on coastal environments such as 

those developed in this thesis, continue to be needed to improve the understanding on 

where, when and under what conditions river flows have “negative” or “positive” impacts 

on marine environments. It is these views and beliefs that ultimately inform future 

anthropogenic management of both terrestrial, freshwater and marine systems. 
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