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Figure 101. Non-algal particulate matter (NAP as a measure of TSS) exceedance maps for 
the dry and wet season for the Burnett Mary region. The first map presents the 
exceedance for the dry season 2010 (May - October), while the second map 
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with negative values, i.e. where the NASAôs atmospheric correction algorithm 
failed for the visible spectral range (A) and the visible and NIR spectral range (B).
 171 
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EXECUTIVE SUMMARY 

Given the size and variability of conditions within the Great Barrier Reef (GBR) catchments and 

receiving waters, monitoring the water quality in the GBR lagoon waters is challenging. In situ 

monitoring data tends to be sparse in both space and time and as a result, remote sensing is now 

recognised as a suitable and cost-effective technique for the large-scale monitoring of coastal water 

quality. It is a particularly attractive alternative because it provides synoptic views of the spatial 

distribution of concentrations of chlorophyll-a (CHL) and total suspended solids (TSS), as well as the 

water clarity and the absorption by coloured dissolved organic matter (CDOM) of near-surface water. 

The daily frequency of satellite sensors improves our ability to identify patterns of spatial variation 

over scales of hundreds of meters to hundreds of kilometres and temporal scales of days to years. Yet, 

management-relevant products from remote sensing data that provide information beyond that of 

simple concentration maps are needed by management agencies. 

Data collected by MODIS Aqua provide a time series from November 2002 to present of water quality 

estimates with spatial coverage at 1 km resolution for the whole-of-GBR lagoon, nominally on a daily 

basis (except overcast days). The water quality estimates were retrieved from the MODIS Aqua time 

series using two coupled physics-based inversion algorithms developed to accurately retrieve water 

quality parameters for the optically complex waters of the GBR lagoon (Brando et al. 2012; Brando et 

al. 2008a; Brando et al. 2010a; Brando et al. 2010c; Schroeder et al. 2008; Schroeder et al. 2012). This 

was necessary because CHL concentrations retrieved with the MODIS standard algorithms provided 

by NASA are up to two-fold inaccurate in GBR waters (Qin et al., 2007), while CSIROôs regionally 

parameterised algorithms account for the significant variation in concentrations of CDOM and TSS 

and achieve more accurate retrievals (Brando et al. 2010a; Brando et al. 2010c). 

The results for the six reporting regions are presented as wet and dry season maps of median values of 

CHL, and TSS. Also presented are maps indicating the number of valid observations (i.e. cloud-free 

and error-free) used for calculating the median values. 

The number of available observations is significantly lower in the wet season than the dry season for 

all regions. This is due to the higher cloud cover in the monsoonal season. It is possible that the cloud 

cover introduces a bias in the sampling that could affect the estimate of the median and mean 

concentration or any other statistical summary of the data. The effect of cloud cover on the estimate of 

statistical parameters such as the mean and median needs further investigation using time series data 

from moored sensors or the output from biogeochemical models. 

The freshwater plume extent into the GBR lagoon during the wet season was estimated from MODIS 

measurements by applying a threshold to maps of aggregated seasonal maximum CDOM absorption. 

The freshwater extent based on the CDOM maximum provides a conservative estimate of the extent as 

the flood plumes could have extended further in cloudy or overcast days and hence not been captured 

with the satellite imagery. The extent and inter-annual variability of freshwater plumes in the lagoon 

were found to be highly positively correlated with river flow data from stream gauges (R
2
=0.881). The 

estimated freshwater extent for 2010/11 was the largest since 2002/03 for all regions except the 

Mackay Whitsunday region, reflecting flow conditions two to five times above median levels for most 

of the catchments in the GBR. For this study a CDOM absorption threshold was established based on 

the relationship between measurements of salinity and CDOM absorption (Schroeder et al. 2012) as 

proposed for the North and Baltic Seas (Astoreca et al. 2009; Ferrari and Dowell 1998). As high 
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CDOM concentrations may also reflect other processes occurring in near-shore waters, further work 

should attempt to separate the ñplumesò from non-plume effects (Schroeder et al. 2012). 

The Great Barrier Reef Marine Park Authority (GBRMPA) released specific Water Quality Guidelines 

for the Marine Park in 2009 (hereafter called the Guidelines). These Guidelines provide triggers for 

management action where exceedance occurs and threshold levels for analysis of current condition as 

well as trend monitoring. The exceedance of the Guidelines was assessed for two water quality 

variables that can be retrieved from remote sensing: CHL and TSS retrieved from MODIS Aqua using 

CSIROôs algorithms. 

The exceedance assessment results evaluated for CHL and TSS were presented as maps of exceedance 

of the Guidelines, i.e. when mean values for the year (and seasons) exceed the thresholds, as well as 

the Exceedance Frequency that provides the number of days where the concentration exceeded the 

threshold divided by the number of days with (error-free) data for that period. The spatial patterns in 

exceedance were a function of the coastal to offshore gradients that can be observed in the median 

maps as well as the different trigger values between the Midshelf and Offshore areas 

The large flows that occurred in 2010/11 through the Great Barrier Reef catchments provided a large 

influx of sediments, nitrogen and phosphorus to coastal waters, which in turn led to a boost in 

phytoplankton productivity and secondary production. The marine water quality for this reporting year 

for the whole GBR was scored as ñpoorò, reflecting the ñpoorò score for the Paddock to Reef marine 

water quality index for most reporting regions (only the Burnett Mary scored as ñmoderateò). The 

scores for the two component indicators for the whole GBR were ñvery poorò for CHL and 

ñmoderateò for TSS, reflecting the ñvery poorò to ñpoorò regional scores for CHL and ñvery poorò to 

ñgoodò regional scores from TSS. The marine water quality index was lower than for the previous 

reporting years for all regions, as well as the whole GBR.  

The two component indicators of the marine water quality index are based on the spatial extent of non-

compliance in the Open Coastal water body. The Open Coastal water body includes also all the 

Enclosed coastal waters which have not been delineated by GBRMPA. As the guideline values for 

CHL and TSS for the Enclosed Coastal waters are higher than those for the Open Coastal water body, 

the relative area of non-compliance for the Open Coastal is likely to be over-estimated, leading to a 

possible under-estimate of the scores for the Paddock to Reef marine water quality index and the the 

two component indicators. It is recommended to GBRMPA to delineate the Enclosed Coastal water 

body to improve the estimates of the spatial extent of non-compliance and the Paddock to Reef marine 

water quality index. The data used in this report could be re-examined to provide a consistent 

assessment of the exceedance of the Guidelines for past reporting years as well as future years. 

The MMP water quality monitoring uses three complementary approaches to collect data at various 

spatial (site, location, region, and whole GBR lagoon) and temporal (snapshot, daily, 10-minutely) 

scales: traditional direct water sampling from research vessels, in situ data loggers at a small number 

of selected inshore reef locations and remote sensing techniques. While data loggers provide detailed 

information on the local variability in water quality parameters, remote sensing observations provide 

extensive spatial coverage at 1 km resolution. The comparison of the remote sensing based results with 

other MMP components like the site-specific inshore water quality monitoring shows some level of 

disagreement in the assessment of Guideline exceedance, mainly due to the differences in the temporal 

and spatial scales of the data collection. Given the spatial and temporal complexity of the data, a 

separate research project carried out with Reef Rescue Research and Development funding for 2011 - 

2013 will develop an integrated assessment and reporting framework for a comprehensive and more 
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easily interpretable assessment of GBR water quality. This will enable these datasets to meet the 

requirements of the reasonable assurance statements and the monitoring and modelling strategies for 

the Paddock to Reef reporting. 
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1 INTRODUCTION 

Water quality is a key issue for the health of the Great Barrier Reef (GBR), catchments and for the 

communities, industries and ecosystems that rely on good water quality in North Queensland. 

The Great Barrier Reef Water Quality Protection Plan (GBRWQPP) was released by the Australian 

and Queensland Governments in October 2003 with the ultimate goal to óhalt and reverse the decline 

in water quality entering the reef within 10 yearsô. The Reef Plan Marine Monitoring Program (now 

Reef Rescue Marine Monitoring Program, MMP hereafter) was established to assess the health of key 

marine ecosystems (inshore coral reefs and seagrasses), the condition of water quality in the inshore 

GBR lagoon and water quality of water masses entering the Great Barrier Reef during the wet season. 

The MMP is currently funded under the Australian Governmentôs Reef Rescue initiative and is 

managed directly by the Great Barrier Reef Marine Park Authority (GBRMPA). 

This report describes the activities carried out under the projects ñReef Rescue Marine Monitoring 

Program ï Assessment of Terrestrial Run-off Entering the Reef" and ñReef Rescue Marine Monitoring 

Program ï Inshore Marine Water Quality Monitoring". 

The underlying activity for both projects is the acquisition, processing with regionally-valid 

algorithms, validation and transmission of geo-corrected MODIS ocean colour imagery. MODIS 

ocean colour imagery was used to quantify near-surface concentrations of total suspended solids (TSS, 

all abbreviations and acronyms of this report are summarized in Table 1), coloured dissolved organic 

matter (CDOM) and chlorophyll-a (CHL) for the GBR. 

Key objectives of the two projects are to: 

¶ Report on algorithm development to detect trends and anomalies in the data based on long-

term datasets, and how techniques have improved integration with in situ monitoring data;  

¶ Provide summary images derived from MODIS data for TSS, CHL and CDOM within the 

inshore and offshore areas during the wet and dry seasons; 

¶ Assess the temporal and spatial variation in the extent of available 2010/11 river flood plumes 

across the 6 GBR natural resources management ( NRM ) regions; and 

¶ Contribute to the Paddock to Reef  (P2R) reporting by assessing the exceedance of water 

quality guidelines for two of the water quality variables that can be retrieved from remote 

sensing, namely  CHL and TSS retrieved from MODIS Aqua using CSIROôs algorithms. 
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Table 1 List of acronyms used in this report. 

AIMS  Australian Institute for Marine Science 

ANN Artificial Neural Network 

CDOM Coloured Dissolved Organic Matter 

CHL Chlorophyll 

DAAC Distributed Active Archive Centre (NASA) 

EF Exceedance frequency, calculated as the ratio of the number of days where the 

concentration exceeded the threshold to the number of days with (error-free) 

data for that period. 

EG Exceedance of the Guidelines, determined by comparing the mean values for 

the year (and seasons) to the appropriate Guideline thresholds 

ESA European Space Agency 

GBR Great Barrier Reef 

GBRWHA Great Barrier Reef World Heritage Area 

GBRMPA Great Barrier Reef Marine Park Authority 

IOCCG International Ocean Colour Coordinating Group 

LMI  Linear Matrix Inversion 

MODIS MODerate resolution Imaging Spectrometer (operated by NASA) sensors 

MODIS-Terra Launched in 1999 ï a nominal 10:30 equatorial overpass time 

MODIS-Aqua Launched in 2002ï a nominal 13:30 equatorial overpass time 

MERIS Medium Resolution Imaging Spectrometer (operated by ESA); a nominal 

overpass time of ca 10:00 AM 

NASA National Aeronautics and Space Administration 

NAP Non algal particulate matter 

NRM Natural Resource Management 

OCR Ocean Colour Radiometry 

P2R Paddock to Reef 

P2R_CHL Paddock to Reef indicator for marine water quality, based on the Relative 

extent of exceedance of the Guidelines for Chlorophyll 

P2R_TSS Paddock to Reef indicator for marine water quality, based on the Relative 

extent of exceedance of the Guidelines for Chlorophyll 

P2R_WQI Paddock to Reef marine water quality index, calculated for as the average 

value of the metric scores for the two component indicators, i.e. 

P2R_WQI=(P2R_CHL+P2R_TSS)/2 
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REEF50 Relative extent of exceedance frequency greater than 0.50, i.e. when the 

median values are used for the assessment of the Guidelines.t 

REEG Relative extent of exceedance of the Guidelines, i.e. when the mean values are 

used for the assessment of the Guidelines.  

RT Radiative transfer 

SA Semi analytic 

SeaDAS SeaWiFS Data Analysis System 

SeaWiFS Sea-viewing Wide Field-of-view Sensor (Launched in 1997) a nominal 

overpass time of ca 12:00 AM 

TSS Total Suspended Solids 

WQIP Water Quality Improvement Plan 

 



Reef Rescue Marine Monitoring Program: Assessment of Terrestrial Run-off Entering the Reef and Inshore Marine Water 
Quality Monitoring using Earth Observation data. Final Report for 2010/11     28 

2 METHODS 

Given the size and variability of conditions within the GBR catchments, monitoring the water quality 

in the GBR lagoon waters is challenging. The MMP water quality monitoring uses three 

complementary approaches to collect data at various spatial (site, location, region, and whole GBR 

lagoon) and temporal (snapshot, daily, 10-minutely) scales: traditional direct water sampling from 

research vessels, in situ data loggers at a small number of selected inshore reef locations and satellite 

based remote sensing. While data loggers provide detailed information on the local variability in water 

quality parameters, remote sensing observations provide extensive spatial coverage at 1 km resolution. 

Remote sensing is a suitable and cost-effective technique for monitoring of coastal water quality, 

because it provides synoptic views of the spatial distribution of CHL, CDOM and TSS concentrations, 

and water clarity of near-surface water. The data generated from regular daily satellite acquisition of 

the GBR region should help to identify patterns of spatial variation over scales of hundreds of meters 

to hundreds of kilometres and temporal scales of days to years. Management-relevant products from 

remote sensing data that provide information beyond that of a simple concentrations map are needed 

by management agencies to make more informed decisions. 

2.1 Regionally valid retrieval of water quality parameters from 
satellite imagery 

Based on studies conducted in the Fitzroy River estuary (Brando et al. 2006; Oubelkheir et al. 2006) 

and the Mossman Daintree coastal waters (Steven et al. 2007), it has been demonstrated that the 

NASA standard global Ocean Colour algorithms are inaccurate in nearshore GBR waters (Qin et al. 

2007). Subsequently there has been considerable effort in developing regionally appropriate 

algorithms for these optically complex GBR waters. Studies commissioned by GBRMPA on water 

quality monitoring (Schaffelke et al. 2006) and optical characterisation of coastal waters (Blondeau-

Patissier et al. 2009) have also been undertaken and contribute to the development of regionally 

appropriate algorithms using a semi-analytical physics-based approach parameterised and validated 

with local measurements (Brando et al. 2010a; Brando et al. 2010c). 

In this work we coupled two physics-based inversion algorithms to improve the accuracy of water 

quality estimates from MODIS Aqua data in GBR Lagoon coastal waters. Firstly, an atmospheric 

correction algorithm based on inverse modelling of radiative transfer simulations and Artificial Neural 

Network (ANN) inversion is used to derive the remote sensing reflectance at mean sea level 

(Schroeder et al. 2007; Schroeder et al. 2008). Then, the inherent optical properties and the 

concentrations of the optically active constituents, namely CHL, non-algal particulate matter (NAP, as 

a measure of TSS) and CDOM, were retrieved using an enhancement of the Linear Matrix Inversion 

(LMI, Hoge and Lyon 1996) that incorporates regional and seasonal knowledge of specific Inherent 

Optical Properties (Brando et al. 2012; Brando et al. 2008a; Schroeder et al. 2012). 

The comparison of MODIS Aqua retrievals of CHL, CDOM and NAP data to in situ data showed that 

the regional algorithm coupled with the ANN atmospheric correction is more accurate than NASAôs 

algorithms for GBR waters. The accuracy for the retrieval of CHL, CDOM and TSS with the coupled 

physics-based inversion algorithms was 58%, 57% and 66%, respectively. The parameterization and 

validation on the remote sensing retrievals was mainly based on observations performed in coastal and 
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lagoonal waters during the dry season between Keppel Bay and the Wet Tropics region. The accuracy 

of the retrieval is likely to likely to be lower in shallow and turbid waters systems such as Princess 

Charlotte Bay, Broad Sound and Shoalwater Bay, as there is no data available for parameterization 

and validation. Details on the algorithmôs theoretical basis, parameterization and validation are 

provided in Appendix 1. 

2.2 Management relevant remote sensing products to monitor 
water quality in GBR 

If environmental managers are to take full advantage of remote-sensing capabilities then products that 

translate remotely-sensed scenes into useful information for managers are required. From daily remote 

sensing data, it is possible to produce a number of derived products suited to the specific needs of end-

users or to particular geographic regions. Maps are the most common product and depending on user 

requirements, any number of variables or derived indices and attributes can be mapped over specified 

spatial aggregations and/or over timescales ranging from days to years. A prime example of 

management-relevant products are those providing water quality compliance information for 

environmental reporting (Brando et al. 2010c). 

This section will provide details on the methods used to generate all the maps and tables of the main 

body of the report (section 4). Section 3 will explore novel methods for the analysis the seasonal and 

inter-annual variability in satellite-derived surface CHL concentrations, to better characterise the 

biological response to the environmental forcing occurring in the GBR, using the Burdekin region as 

case study.  

2.2.1 Water quality maps 

In this report, seasonal median maps for CHL and TSS are presented for each reporting region. The 

seasonal median values for the wet and dry seasons were calculated for each pixel in the region from 

the valid (i.e. cloud-free and error-free) daily observations. Seasonal maps that indicate the number of 

valid observations (i.e. cloud-free and error-free) used for calculating the median values are also 

presented. The wet and dry season median maps of water clarity expressed as Secchi Depth are 

presented as a demonstration product in Appendix 3. This product is still in a development phase and 

should be validated using the water quality data sets used in recent studies on the spatial and temporal 

patterns of water quality of the GBR (Deôath 2007; Deôath and Fabricius 2008). 

The number of image observations per pixel location that were used in calculating the median values 

for each season show values vary from 30 to about 90, even if 150-170 images were available for each 

season to provide data for the 2010 dry season and the 2010/11 wet season depending on the reporting 

region. The low number of observations is a result of the strict quality control criteria applied to the 

imagery: pixels with cloud or cloud shadow, low view and illumination angles (solar zenith and 

observer zenith higher than 60 degrees) were flagged and dismissed as were pixels where the 

atmospheric correction failed. For the identification of clouds, the default threshold value of 2.7% the 

Rayleigh-removed TOA reflectance at 869 nm was used. We also dismissed the pixels with a high 

error between modelled and measured spectra, which indicates that the underlying inversion model 

was not able to retrieve meaningful concentrations. These dismissals caused the dearth of pixels in the 

very near coastal areas. As a result of this stricter quality control implemented since the 2009/10 MMP 



Reef Rescue Marine Monitoring Program: Assessment of Terrestrial Run-off Entering the Reef and Inshore Marine Water 
Quality Monitoring using Earth Observation data. Final Report for 2010/11     30 

report (Brando et al. 2010b), the number of available observations for each pixel is lower than reported 

in previous reports (i.e. up to the 2008/09 MMP report Brando et al. 2010a). 

The number of available observations is significantly lower in the wet season than the dry season for 

all regions. This is due to higher cloud cover in the wet/monsoonal season. It is possible that the cloud 

cover introduces a bias in the sampling that could affect the estimate of the median and mean 

concentration or any other statistical summary of the data. The effect of cloud cover on the estimation 

of statistical parameters such as the mean and median needs to be investigated further using time series 

data from moored sensors or the output from biogeochemical models. 

2.2.2 Estimate of freshwater extent 

Riverine freshwater plumes connect the land with the receiving coastal and marine waters and are the 

major transport mechanism for nutrients, sediments and pollutants into the GBR lagoon. The extent 

and duration of freshwater plumes can have significant implications for the health of marine 

ecosystems such as seagrasses and coral reefs. Low salinity runoff waters may transport natural and 

anthropogenic contaminants into the sea, and can directly stress marine ecosystems that are adapted to 

higher salinity levels (Burrage et al. 2003). Concentrations of riverine pollutants have been attributed 

to the specific land use of the catchments and positive correlations have been reported between river-

discharged material and water quality of the GBR receiving waters (Brodie et al. 2008; Kennedy et al. 

2012). 

The dynamics of a flood plume as it moves freshwater from the river mouth into the marine 

environment can be described in terms of the hydrodynamic and chemical behaviour. At first flood 

plumes contain elevated concentrations of sediments (and associated nutrients and contaminants). 

Later, when particulate matter falls out of the plume waters the plume is characterised mainly by the 

presence of the dissolved materials and the associated nutrients (Devlin et al. 2011) . 

In freshwater plumes, CDOM concentrations are high and are largely derived from terrestrial sources, 

making CDOM a useful tracer of terrestrial discharge of low salinity waters. Negative correlations 

between CDOM and sea surface salinity have been established from in-situ data in several studies 

(Astoreca et al. 2009; Bowers and Brett 2008; Ferrari and Dowell 1998; Molleri et al. 2010). In this 

report we use CDOM as a surrogate for salinity to estimate low salinity waters indirectly from MODIS 

ocean colour observations for the entire GBR region as detailed in Schroeder et al. (2012). Based on a 

linear regression of 250 GBR-wide concurrent in-situ CDOM and salinity measurements a relationship 

was used to establish a cut-off threshold of CDOM absorption at 443nm of 0.24 m
-1
 corresponding to a 

salinity of 30±4 PSU (Figure 1) (Schroeder et al. 2012). The freshwater extent for the wet season can 

be estimated by applying the threshold for freshwater mapping (0.24 m
-1
 Ú 30±4 salinity) to the 

maximum CDOM values for the wet season. 

The remote sensing algorithms adopted in this study cannot differentiate between the sources of 

CDOM, which for this aim are assumed to be mainly influenced by flood waters during the wet 

seasons. As a consequence any estimated freshwater extent is potentially biased by additional 

supratidal, intertidal and subtidal and oceanic CDOM sources such as bacterial degradation of 

phytoplankton, mangroves, sea grass beds, coral reef and benthic organisms living in the sediment 

(Schroeder et al. 2012 and references therein). However, the CDOM production of these additional 

non-runoff related sources is usually much lower than the applied CDOM absorption threshold of 0.24 

m
-1
 at 443 nm  (Schroeder et al. 2012). 
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Figure 1. Linear regression of concurrent in situ CDOM absorption (443 nm) and salinity 

measurements. Modified from Figure 4 of Schroeder et al. (2012). 

Unusually high CDOM absorption was observed from remote sensing by Schroeder et al. (2012) for 

the mid and outer shelf reefs of the Mackay and Fitzroy NRM regions, which are not directly 

influenced by flood waters. In these regions remotely-sensed CDOM absorption was observed to vary 

between 0.15 and 0.2 m
-1
 at 443 nm and further in-situ measurements are needed to understand these 

high values in off-shore waters. The conservative CDOM threshold for freshwater mapping (0.24 m
-1
 

Ú 30±4 salinity) enables to separate the autochthonous reef matrix CDOM production from the 

estimate of freshwater plume extent for the wet season. 

Shallow coastal embayment, where turbidity is dominated by tidal resuspension of bottom sediments 

composed of terrigenous mud in the near-shore areas are also regions where CDOM may not be 

attributed solely to terrestrial runoff. The freshwater extents estimated for these regions are potentially 

overestimated if no rivers empty directly into these embayments, e.g. Broad Sound. For this region an 

along-shore transport of northward directed freshwater from the Fitzroy River is observed in years of 

high discharge only (Schroeder et al. 2012). 

2.2.3 Evaluation of compliance to guidelines 

In addition to the median concentration maps, the exceedance of water quality guidelines was assessed 

for CHL and TSS retrieved from MODIS Aqua imagery using CSIROôs algorithm. The exceedance 

could also be evaluated for the Secchi Depth imagery when accuracy of this retrieval is assessed with 

a match-up analysis of in situ data recently made available by AIMS. 

A set of water quality guideline values and objectives was released in 2009 by federal and state 

legislation for the GBR, with an effort to avoid inconsistency in the regions of overlap. Version 3 of 

the Queensland Water Quality Guidelines (DERM 2009) was released to promote regionally and 

locally relevant guideline water quality values for Queensland coastal waters which extend up to 3 

nautical miles offshore. Regionally-specific environmental values and objectives have been set in the 

GBR catchments in the P2R program and in some specific areas through the development of Water 

Quality Improvement Plans (WQIPs). GBRMPA released the Water Quality Guidelines for the Marine 

Park (hereafter called the Guidelines) in 2009 and identified five types of water bodies: the Enclosed 

Coastal waters, the Open Coastal waters, the Midshelf waters, the Offshore waters, and the Coral Sea 

(GBRMPA 2009). Much of the Great Barrier Reef Marine Park lies beyond Queensland state waters 

but there is an area of overlap within the inshore coastal waters for which protocols have been agreed. 

Namely, Queensland guidelines are to be adopted for all waters inshore of and within the Enclosed 

Coastal zone. Offshore from the Enclosed Coastal zone and within waters of the GBR Marine Park, 
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the Guidelines will apply, even if the boundary of the Enclosed Coastal zone lies inside the three 

nautical mile zone (DERM 2009). 

Figure 2 reports the regional and cross shelf boundaries defined by GBRMPA for the MMP 2008/09 

reporting and used for this study. These boundaries were delineated by implementing in a GIS 

environment the "Approximate water body delineations of the Open Coastal, Midshelf and Offshore 

marine water bodies in the six NRM regions" (Table 1, GBRMPA 2009). The Enclosed Coastal waters 

were not delineated, as according to GBRMPA they are likely to be a small area, especially in the 

context of GBR-wide water bodies (Hugh Yorkstone, pers. comm. 10 Aug 2010). 

Table 2 Trigger values from the Great Barrier Reef Marine Park Authority Water Quality Guidelines 

(GBRMPA 2009). Guideline values for the assessment of the annual mean values. *: Geographical 

adjustment: Wet Tropics/Central Coast (see Figure 2). 

 Water body 

Parameter 
Enclosed 

Coastal 
Open Coastal Midshelf Offshore 

Chlorophyll-a (µg L
-1
) 2.0 0.45 0.45 0.40 

Secchi Depth (m) 1.0/1.5* 10 10 17 

Total Suspended Solids (mg L
-1
) 5.0/15* 2.0 2.0 0.7 

Table 3 Trigger values from the Great Barrier Reef Marine Park Authority Water Quality Guidelines 

(GBRMPA 2009). Seasonally adjusted Guideline values for the assessment of seasonal mean values in 

dry/wet seasons. 

 Water body 

Parameter 
Enclosed 

Coastal 
Open Coastal Midshelf Offshore 

Chlorophyll-a (µg L
-1
) 2.0 0.32/0.63 0.32/0.63 0.28/0.56 

Secchi Depth (m) 1.0/1.5 10 10 17 

Total Suspended Solids (mg L
-1
) 5.0/15 1.6/2.4 1.6/2.4 0.6/0.8 

The methods used in this study to evaluate compliance were originally developed to provide a 

demonstration of the use of remotely-sensed data in the assessment of exceedance of the Guidelines 

(Brando et al. 2010c). These methods were then implemented in the 2008/09 and 2009/10 MMP 

reports (Brando et al. 2010a; Brando et al. 2010b) to contribute to the indicators and metrics for the 

P2R reporting for marine water quality (RWQPP 2011a; RWQPP 2011b). 

Compliance to the Guidelines for CHL and TSS are presented as maps illustrating the exceedance of 

the Guidelines (EG) and the exceedance frequency (EF). EG is determined by comparing the mean 

values for the year (and seasons) to the appropriate Guideline thresholds, while EF is calculated as the 

ratio of the number of days where the concentration exceeded the threshold to the number of days with 

(error-free) data for that period. EF values higher than 0.50 indicate the median concentrations for the 

year (and seasons) exceeded the Guideline thresholds. The Guideline trigger values used as threshold 

levels for the analysis of exceedance are reported in Table 2 (annual means) and Table 3 (seasonal 

means).  The maps are accompanied by tables summarising the exceedance results for each variable 
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and each reporting region. The summary of the exceedance extent in each map provides the relative 

surface area where mean or median concentration exceeded the trigger values for the year (or seasons), 

expressed as relative area (%) of the water body. In this report these two quantities will be referred to 

as REEG (relative extent of exceedance of the Guidelines, i.e. when the mean is used for the 

assessment) and REEF50 (relative extent of exceedance frequency greater than 0.50, i.e. when the 

median is used for the assessment). The summary of exceedance is also provided for each water body 

for each season by computing the mean and median concentrations from all valid observations 

independently of the spatial location, along with the EF for that period.  

The summaries of the exceedance results are based on a large number of observations (ranging from 

hundreds of thousands of valid observations for the Open Coastal waters in the wet season to millions 

of valid observations for the Offshore area in the dry season). Further work in designing a combined 

assessment of exceedance/compliance over more water quality variables will provide a higher degree 

of confidence in these results. This will in turn ensure these datasets meet the requirements of the 

reasonable assurance statements and the monitoring and modelling strategies for the P2R program in 

each of the NRM regions. 

2.2.4 Calculating metrics for the P2R reporting for marine water quality 

The metrics for the P2R reporting for marine water quality are based on the assessment of the 

exceedance of water quality guidelines for Chlorophyll-a and Total Suspended Solid (RWQPP 2011a; 

RWQPP 2011b). In P2R reporting, the two indicators for marine water quality are based on the 

summary of the exceedance of annual mean values of Chlorophyll-a and non-algal particulate matter 

(as a measure of Total Suspended Solids) for each reporting period. Hence the indicator data are 

REEG values for each of the six reporting regions. While in this report, the REEG values for CHL and 

TSS (REEG_CHL, REEG_TSS) are presented within each reporting region as separate values for the 

Open Coastal, Midshelf, and Offshore water bodies, only the REEG values for the Coastal water body 

are considered for the metric calculations (RWQPP 2011a; RWQPP 2011b).  

Consistently with the marine water quality P2R reporting scheme, in this report the metric scores are 

expressed the percent area that does NOT exceed the Guidelines value for the inshore water body, 

hence the REEG values are simply subtracted from 100% to calculate the metric score (i.e. 

P2R_CHL=100- REEG_CHL and P2R_TSS=100- REEG_TSS). The rationale for this metric 

calculation method is to provide consistency with other P2R metrics, as all final metrics are 

standardized to a range from 0 to 100 such that zero is the lowest score and 100 is the highest , i.e. 

ranging from the worst to the best possible environmental condition (RWQPP 2011a; RWQPP 2011b).   

The overall GBR score is calculated by linearly combining the regional scores weighting them by the 

relative contribution to the GBR. The area weighting is used to prevent overweighting of scores from 

reporting regions that represent a small area in relation to the total area of GBR. As limited field 

information was used for the parameterization and validation on the remote sensing retrievals for these 

two regions (see section 2.1 and Appendix 1), the regional scores for Cape York and Burnett Mary are 

excluded from the area weighting calculations  (RWQPP 2011a; RWQPP 2011b). The four reporting 

regions (Wet Tropics, Burdekin, Mackay Whitsunday, Fitzroy) contribute 13%, 21% ,27% and 39% to 

the overall GBR score for each metric (RWQPP 2011a; RWQPP 2011b). 

The P2R marine water quality index (P2R_WQI) is then calculated for each region, as well for the 

whole GBR, as the average value of the metric scores for the two component indicators, i.e. 

P2R_WQI=(P2R_CHL+P2R_TSS)/2 (RWQPP 2011a; RWQPP 2011b). 
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Figure 2. Regional and cross shelf boundaries defined by GBRMPA for the MMP 2008/09 reporting. 
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The estimate of the P2R_WQI and the metric scores for the two component indicators (P2R_CHL and 

P2R_TSS) does not include an assessment of associated uncertainty. Such assessment would account 

for the uncertainty associated with the retrieval of CHL and TSS from MODIS data with the coupled 

physics-based inversion algorithms (58% and 66%, respectively). A viable option for this assessment  

is the method proposed by Schroeder et al. (2012) to assess the uncertainty associated to the estimates 

of freshwater extent. Schroeder et al. (2012) accounted for the uncertainty associated with the retrieval 

of CDOM when setting the CDOM thresholds. Future work will extend this method to also assess the 

uncertainty associated to the two component indicators of the marine water quality index from the 

spatial extent of non-compliance in the Open Coastal water body.  

2.2.5 Guide to interpreting the maps 

All maps presented in section 4 have a consistent presentation: land is represented as dark gray; the 

coastal boundary is based on a standard coastline vector; main rivers are represented by blue lines; and 

coral reefs including a 1 km buffer zone (to avoid mixed land or reef and water pixels) are depicted as 

white. The maps of mean, median or maximum values will present data for all the pixels in the 

bounding box, while the maps of freshwater extent for the wet season, exceedance of the Guidelines 

and EF present data only for the reporting region of interest. The areas outside the reporting region are 

depicted in light gray. 

Several boundary lines are overlayed onto the maps to enable the identification of water bodies 

identified by the Guidelines (Open Coastal, Midshelf, and Offshore). The boundaries for the reporting 

region are presented in each map as defined by GBRMPA in accordance with the NRM boundaries for 

the catchment and marine extensions (Figure 2). The cross shelf boundaries were defined by 

GBRMPA to implement the Guidelines: the thick white line defines the Open Coastal waters; the thick 

pink line separates the Midshelf from the Offshore waters while the thick gray line to the East in all 

images represents the limit of the marine park. 

In the maps of freshwater extent for the wet season, pixels in the reporting region of interest are 

mapped in dark red when the maximum values for the wet season exceed the CDOM threshold for 

freshwater mapping (0.24 m
-1
 Ú 30±4 salinity). The surface area (km

2
) of the freshwater plume extent 

in the wet season for each region can then be estimated by tallying the number of the 1 km
2 
pixels 

exceeding the CDOM threshold in each map. 

In the maps of EG, pixels in the reporting region of interest are mapped in dark red when the annual 

(and seasonal) mean concentrations exceed the appropriate thresholds reported in Table 2 and Table 3. 

Pixels are mapped in light gray if they did not exceed the thresholds. The maps of EF report in a 

continuous colour scale the EF values ranging from 0-0.50 so that the pixels are mapped in dark red 

(EF>= 0.50) when the annual (and seasonal) median concentrations exceed the thresholds. The spatial 

patterns in the exceedance maps are a function of the coastal to offshore gradients that can be observed 

in the median maps of CHL and TSS as well as changes in thresholds between the Midshelf and 

Offshore areas. Hence most often the exceedance in the Offshore areas is present in clusters to the East 

of the thick pink line delineating the óOffshoreô waters. 
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3 NOVEL WAYS TO REPORT ON PHYTOPLANKTON DYNAMICS: A 
CASE STUDY OF THE BURDEKIN REGION. 

3.1 Objective of this study 

Ocean surface processes occur at different time and spatial scales. Algal blooms in particular are 

transient, naturally-occurring phenomena that are central to the structure and functioning of the marine 

food web. The monitoring of algal bloom events in coastal waters, from the timing and frequency of 

their occurrence to their spatial distribution, has become increasingly important because of the 

growing environmental pressure on coastal ecosystems. At the bottom of the food chain, 

phytoplankton provides a particularly sensitive indication of marine ecosystem health. 

In the GBR waters, phytoplankton growth is primarily limited by the availability of nutrients and may 

show sudden increases as a response to river flood plumes containing large amounts of sediments, 

nutrients and other dissolved and particulate organic matter (Furnas 2003). The Burdekin has one of 

the largest catchments (130,000 km
2
) of the GBR and, together with the Fitzroy, discharges up to 70% 

of this organic and inorganic material into the lagoon (Raupach et al. 2006). Located in the dry tropics, 

the rainfall patterns for the Burdekin region are mainly seasonal and can reach up to 2,200 mm/year, 

causing land-to-coast runoffs (Figure 27) that flush terrestrially-sourced organic and inorganic 

material into the lagoon during the wet season. Despite the closest reefs being less than 60 km from 

the Burdekin River mouth (Figure 3), much of the runoff impacts on the water quality are often 

observed further North along the shore, sometimes 400 km away from the river mouth. This is caused 

by the northward drift of the Burdekin plume, which has been modelled (King et al. 2002)  and 

documented as being often restricted to the shallow nearshore coastal band (Devlin et al. 2008). This 

inshore restriction of the river plume is mainly due to the predominantly south-easterly winds, 

bathymetry and strong tidal energy that characterise the Burdekin region (Furnas 2003). During lighter 

wind events however, plume waters, which are low in salinity and carrying nutrients and pesticides, 

can spread over most of the shelf and affect the mid- and outer- reefs (Devlin et al. 2008; Devlin and 

Schaeffelke 2009; McCulloch et al. 2003). 

In summary, the impact of flood plumes on the GBR ecosystem results from decreasing concentrations 

in pollutants with distance from the river mouth, where most of the larger particles are initially 

deposited. If the sedimentation occurs close to a reef, it can severely reduce coral growth and survival 

(Hutchings et al. 2008; Hutchings 2000). The nutrients and organic matter fractions, as well as the fine 

sediment, are dispersed via resuspension and currents, releasing bio-available nutrients that can 

stimulate phytoplankton blooms (Prange et al. 2009) .  

This section of the report aims to explore methods for the analysis of the seasonal and inter-annual 

variability in satellite-derived surface CHL concentrations in order to better characterise the biological 

response to the environmental forcing occurring in the Burdekin region. The methods and findings 

presented in this section will complement the existing reporting on the GBR (section 4). The 

techniques described in this section are solely applied to CHL, but can also be used for other satellite-

derived water quality parameters, such as CDOM, NAP, light attenuation coefficients or SST. 
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Figure 3. The Burdekin region as seen from space (credits: NASA). 

The key objectives of this section are twofold: 

To determine the temporal and spatial distribution of phytoplankton biomass in the Burdekin using 

satellite-derived CHL from daily MODIS-Aqua data acquired between the 4
th
 November 2002 and 30

th
 

April 2011, and 

To identify areas and years with CHL anomalies that might require further investigation for future 

work. 

3.2 Data and methods 

3.2.1 Data availability and preparation  

The MODIS dataset used in this study spans 10.5 years and is composed of 2781 daily images, with 

1310 and 1471 images acquired during the dry and wet season, respectively. For the study region, the 

grid extends from 145.9̄-149.5̄  East and 17.6̄-20.1̄  South with a resolution of 0.009̄. The strict 

quality control criteria detailed in section 2.2.1 was applied to the imagery. More pixels were flagged 

and dismissed during the wet season months (November to April; Figure 4) compared to dry season 

months due to more frequent cloud cover. There is a shore-to-reef decreasing gradient in the number 

of pixels available. The coastal waters south of 18.80 ̄South have the most data available. For the 

purpose of this case study, the boundaries of the Burdekin region do not correspond to those defined 

by GBRMPA and used in Section 4 of the report but rather extend further east and north (see Figure 

15). 

In this case study, all the maps cover the same spatial extent. The graphical layout differs from the 

maps presented in Section 4 (see details in section 2.2.4): the land, islands and reefs are represented 

with the same tone of grey while the areas outside the GBRWHA boundaries are shown in white or 

black depending on the colour scale of each figure.  
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Figure 4 Satellite-data availability for the MODIS-Aqua sensor between 4 November 2002 and 30 

April 2011 for the Burdekin region (top). Note the difference between the dry (middle) and wet 

(bottom) season months. 
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3.2.2 The choice of the median Chlorophyll-a value as a metric for this 
analysis 

The global distribution of CHL in the ocean is often considered log-normal (Campbell 1995), but this 

is not always the case (Banse and English 1994). For this dataset, the CHL concentrations remained 

positively skewed after taking a logarithmic transformation (Figure 5); therefore we performed our 

analyses on the untransformed data. Given the skewness of the raw data, the median CHL 

concentrations were found to be a more representative summary than the arithmetic mean (Table 4). 

The interquartile range (IQR) will be used as a measure of spread, a more robust alternative to the 

standard deviation, in particular when the median is computed instead of the mean. 

Table 4 Summary statistics (in µg L
-1
) for the MODIS daily Chlorophyll-a dataset used in this case 

study 

Dataset (Total number of 

available pixels) 
Min-Max 

Mean (std) Median (IQR) 
Mode 

Whole (23830575) 0.001-13.82 0.36 (0.37) 0.31 (0.21) 0.32 

Dry season months (14801386) 0.001-13.24 0.36 (0.34) 0.32 (0.20) 0.21 

Wet season months (9029189) 0.001-13.82 0.36 (0.42) 0.27 (0.22) 0.22 

 

 

Figure 5 Histograms of log-transformed Chlorophyll-a for (a) the whole dataset (N=2781), (b) the dry 

season months (N=1310) and (c) the wet season months (N=1471). 
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3.2.3  Computation of anomalies and climatology 

Standardized anomaly maps of CHL were used to characterize the monthly dynamics of 

phytoplankton biomass in the Burdekin region. Derived from the multi-annual monthly means and 

standard deviation maps for the years 2002-2011, a standardized anomaly map for a particular month 

can be computed as follows: 

   Standardized anomaly for pixel (i,j)=

),(

),(),(

jix

jiji xx

s

-

 

where i,j denotes the longitude, latitude position of a pixel, x  is the multi-monthly mean, x  is the 

multi-annual mean, and 
xs  is the multi-annual standard deviation. 

3.2.4 The clustering of the water masses 

The Burdekin is a very dynamic region with a high variability in CHL across the shelf (Devlin and 

Schaeffelke 2009). To better characterise the system, biogeographical zones within which CHL 

concentrations display similar magnitude over time and space were statistically defined using the K-

means clustering technique (Wilks 2006). This unsupervised, non-hierarchical clustering approach 

groups pixels into a user-defined number of clusters k, usually determined from trial or expert 

knowledge (Wilks 2006). The K-means algorithm recalculates the group means of each cluster k 

through an iterative process and reassigns each pixel value until it reaches the minimum squared 

Euclidean distance with respect to the new means (Figure 6). 

For this study, the K-means classification was based on twelve multi-annual monthly median CHL 

maps of the study region. We constrained the clustering to a maximum number of 8 classes 

determined from a maximum number of 20 iterations and a change threshold of 5%. A post-

classification technique was performed on the initial clustering results in order to reallocate isolated 

pixels to a class belonging to the majority of the pixels comprised in a 3x3 pixel kernel. 

 

 

Figure 6 Illustration of the K-means clustering technique (modified from Wikipedia). 

3.2.5 Exploring the time-space variability using latitude-time (Hovmöller) plots 

Hovmöller diagrams are latitude (or longitude)-time plots that allow for a synoptic characterisation of 

the changes occurring for a specific parameter over time and space. In this case study, we will present 
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Hovmöller diagrams for each of the biogeographical zones resulting from the K-means clustering. 

This enabled more meaningful latitude-time plots to be created, because most of the variability in CHL 

would be otherwise captured by the nearshore waters where CHL concentrations are the highest. A 

description of the processing steps is illustrated in Figure 7 for the cluster of the Oligotrophic lagoon. 

Median CHL values for each 0.1̄ latitude bin, for a period of 6 days and all longitudes were used to 

compute the latitude-time plots for each cluster. The 6-day period allows for an appreciation of the 

phytoplankton phenology in response to river plumes and nutrients delivery, while the use of monthly 

periods might blur the signal and not capture the short term CHL variability through time and space. A 

latitudinal axis was chosen due to the natural orientation of the study region. 

 

Figure 7 Schematic representation of the computation of a Hovmöller diagram for the Oligotrophic 

lagoon. 

3.2.6 Computation of phenology 

To further examine the change in CHL over the years in comparison to the multi-annual seasonal 

median (Figure 10), time-series of monthly average counts of CHL pixels that are above the multi-

annual threshold were computed for the five clusters (Figure 15). 

Relative pixel counts(k,t) (%)=
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1
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where i,j is the position of the pixel, k is the cluster, Nk is the number of pixels that compose a specific 

cluster, CHLi,j,t are the estimated CHL concentrations for a pixel with at a time (t) and 

seasonalmedian(CHLi,j,s) is the median CHL concentration of this pixel during the dry or wet season 

depending on the month of the daily image analysed. I takes the value of 1 if the observation CHLi,j,t is 

higher than the seasonal median, otherwise I is set to 0. 
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3.2.7 Interpretation and limitations 

The remotely-sensed surface phytoplankton pigment concentration is highly correlated to the total 

pigment concentration found in the water column; however the two quantities are not identical. For 

instance, many studies have shown that this difference can be attributed to error in ship/satellite co-

location, error in pigment measurements or calculation, and the effect of the bio-optical variability on 

algorithm performance (Balch et al. 1989; Chavez 1995). It is important to note that the Burdekin 

coastal and lagoonal waters are in great parts considered optically complex (Blondeau-Patissier et al. 

2009), therefore a regionally valid CHL algorithm such as the one adopted in this study is needed. For 

this study, the temporal and spatial gradient in phytoplankton biomass, considered as an indicator of 

phytoplankton dynamics in the marine waters surrounding the Burdekin, will be more relevant than 

the absolute CHL values. 

3.3 Describing the Burdekin system from a multi-year dataset 

The multi-annual median and IQR CHL maps are shown in Figure 8 and Figure 9, respectively. A 

longitudinal gradient in CHL, decreasing from the nearshore waters (>2.0 µg L
-1
) to the reef (<0.4 µg 

L
-1
), can be observed. Typically, the waters surrounding the mouths of the Burdekin and Herbert rivers 

showed the highest CHL median values (>2.0 µg L
-1
) with the most variability (stdev >1.5 µg L

-1
) for 

this region (Figure 3; Figure 8; Figure 9). The remaining waters along the coastline of the study region 

have a median CHL value of ~1.0 µg L
-1
 and an IQR of ~1.0 µg L

-1
. Offshore, the median CHL is 

typically 0.4 µg L
-1
 with an IQR of ~ 0.2 µg L

-1
. This is in accordance with the ambient CHL 

concentration of ~0.4 µg L
-1
 reported in the literature (Wooldridge et al. 2006) and the trigger values 

set by GBRMPA (Table 2 and Table 3). 

The longitudinal decreasing CHL gradient from the nearshore to the reef waters is more pronounced 

during the wet season in comparison to the dry months (Figure 10; Figure 11), with an average 

percentage difference of ~10 % in median CHL for the nearshore coastal waters between the two 

seasons (Figure 12). The waters further offshore however can have CHL median values up to 50% 

higher during the dry season. This latter observation is particularly true for the waters north of the 

Burdekin river mouth. These significant seasonal changes in CHL concentrations show the seasonal 

and spatial impacts of the Burdekin freshwater discharges on the lagoonal waters. The 0.4-0.5 µg L
-1
 

CHL median interval is spatially larger during the dry season (Figure 10) as it extends further 

offshore.  
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Figure 8 Multi -annual (2002-2011) Chlorophyll-a median concentration map. 

 

Figure 9 Multi -annual (2002-2011) Chlorophyll-a interquartile range concentration map. 
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Figure 10 Multi -annual (2002-2011) Chlorophyll-a median concentration maps for the dry (top) and 

wet (bottom) season months. Note the change of colour scale to 0-1 µg.L
-1
. 
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Figure 11 Multi -annual (2002-2011) Chlorophyll-a interquartile range maps for the dry (top) and wet 

(bottom) season months.  
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Figure 12 Percentage difference between the multi-annual wet and dry median Chlorophyll-a maps. 

 

3.3.1 Monthly climatology of the MODIS Chlorophyll-a product in the Burdekin 
region 

Yearly seasonal variations in CHL median and relative percentage difference maps are shown in 

Figure 13 for the years 2002-2011. The percentage difference maps between seasons of a same year 

were computed as per Figure 12 .  

An increase in CHL median concentrations for the wet seasons of the years 2007 to 2011 is evident in 

comparison to previous years, in particular in the nearshore coastal waters. During the rainfall of 

January-February 2007, the Burdekin region was the most affected, while in January-March 2008 both 

the Burdekin and Fitzroy experienced major flooding. Also, the impacts of the tropical cyclone 

Hamish in March 2009 have likely produced an enhanced biological response during the dry season of 

that year. Most of the relative difference between seasonal maps of a same year is observed along the 

shore, in particular near the Burdekin and Herbert river mouths. The year 2008/09 had the strongest 

percentage difference between the two seasons, with the dry season concentrations increasing up to 

85% in comparison to the wet season of the same year (evident through much blue in maps). Higher 

CHL concentrations were observed in the entire lagoon during the dry season of that year, a striking 

difference in comparison to previous years as the lagoonal waters showed generally little change 

between seasons. The summer of 2009/10 was characterised by a major wet season with heavy rain 

between November 2009 and March 2010. This is evident in the map of seasonal differences for the 

summer of 2009/10 in which we can much higher difference (>40%) in comparison to the previous 

years.  
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Figure 13 Yearly seasonal Chlorophyll-a median and percentage difference maps. Maps that are red-

crossed indicate that the computation was not possible due to missing months.  
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The standard anomaly maps of CHL were arbitrarily scaled between -2 and 2 (Figure 14) to reveal the 

changes in CHL for the waters surrounding the Burdekin. Warmer colours (red) indicate regions with 

an increased CHL, while cooler colours (blue) show regions of lower CHL in comparison to their 

multiannual mean. These anomaly maps enable a better appreciation of the temporal and spatial 

dynamics of the CHL field, a statistical technique that is particularly adequate for data subject to 

seasonal variations (Wilks 2006).  

The GBR waters are naturally depleted in nutrients most of the year (Furnas 2003). As a result, the 

lagoonal waters are poor in phytoplankton biomass from September to January with CHL 

concentrations lower than their multiannual concentration means in most of the study region. The 

remaining of the year, the build up in nutrients in the water column resulting from the land-to-shore 

freshwater runoffs between February and April triggers a progressive cross-shelf increase in 

phytoplankton biomass, with a northward direction (Figure 14). In July and August, the outer portion 

of the lagoon is the only region that exhibits CHL concentrations higher than its multiannual 

concentration mean. 
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Figure 14 Standardized anomaly monthly Chlorophyll-a maps (dimensionless). Wet season months are 

in bold italic. 
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3.3.2 Clustering the water masses of the Burdekin region in relation to their 
Chlorophyll-a concentrations 

The K-means clustering of the Burdekin waters (Section 3.2.4) resulted in five biogeographical 

clusters: nearshore, coastal, midshelf, lagoon and reef waters. Each of these clusters is distinctive in 

terms of the area covered and the magnitude in CHL concentrations (Figure 15). Their spatial extent 

and size are distinctively different, with the nearshore cluster being only limited to four narrow areas 

along the shore. For this reason, the nearshore cluster was merged with the coastal cluster to allow for 

a closer inspection in the Hovmöller diagrams. However, a separate analysis of the nearshore cluster 

offers the opportunity of evaluating how a delineation of  the Enclosed Coastal water body would 

affect the estimate of median values for the GBR coastal waters. The lagoon cluster is the largest in 

the Burdekin region and extends to both the north and south extremities of the study region.  

The delineation of the five biogeographical clusters is rather different from the water bodies 

delineation based on the Guidelines (Figure 2), as they were derived using different water quality 

variables. The five clusters resulting from the K-means clustering presented in this case study (Figure 

15) were defined to partition the study region according to its CHL content in order to present the 

CHL dynamics in the Burdekin using Hovmöller diagrams. These clusters will not be used, and will 

not be referred to, in section 4 of this report. When the K-means clustering analysis is applied to other 

water quality variables than CHL, such as CDOM or NAP, different biogeographical zones are created 

(Figure 16). These two latter clustering results will be neither used, nor interpreted, in the present 

study but could be explored in future work, particularly for the delineation of the Enclosed Coastal 

water body for the assessment of exceedance to the Guidelines. 

 

 

Figure 15 K-means clustering results based on 12 multi-annual, monthly median Chlorophyll-a 

concentration fields. The NRM 2010 zoning is overlayed (thick black lines). 
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Figure 16 K-means clustering results as per Figure 15 but for (left) CDOM and (right) NAP 

concentration fields. 

3.3.3 Latitude-time plots 

In this section we present and discuss the results obtained for the latitude-time plots of CHL for the 

study region.   

3.3.3.1 Quantity of pixels used for the computation of the latitude-time plots 

The quality assessment of the CHL Hovmöller diagrams (i.e. the quantity of observations used to 

compute the CHL median for each latitude bin) is based on the ratio between the number of valid 

observations for a 6-day period and the total number of observations that represents a specific cluster. 

Table 4 presents the number of good quality observations used for the computation of the Hovmöller 

diagrams for each of the 5 clusters. The average percentage of available observations is the lowest for 

the reef waters cluster (20%, Table 5), mainly because of its shape and its limited latitudinal axis 

spanning 2.1 degrees (namely 17.6-̄19.7̄  South; Figure 15, Figure 20). 

All Hovmöller diagrams (Figure 17 to Figure 20) exhibit patterns of low percentages of available 

pixels during the wet season months because of the limitation of ocean colour remote sensing to detect 

through cloud cover, which is recurrent at that time of the year. The quantity of pixels used for the 

merged nearshore-coastal cluster and midshelf waters cluster (Figure 17-Figure 18) are very similar. 

However the lagoon cluster (Figure 19) and reef waters cluster (Figure 20) show a lower percentage of 

(valid) observations being used for the computation of the CHL Hovmöller diagrams (Table 4). This 

typically reflects the spatial distribution of the number of available observations presented in Figure 4. 

The thin band of nearshore-coastal waters south of 18.80̄ has also relatively fewer good quality 

observations (~30% during the dry season) in comparison to the coastal and midshelf clusters (Figure 

4). The Hovmöller diagrams presented below indicate that the longest, most consistent set of data was 

available during the four-month period spanning June-September 2009 across most of the study region 

for the five clusters. 
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Figure 17 Hovmöller diagrams of the percentage of pixels used for the computation of the median for 

(top) the nearshore and coastal waters clusters and (bottom) the coastal waters cluster. 
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Figure 18 Hovmöller diagram of the percentage of pixels used for the computation of the median for 

the midshelf waters cluster. 

 

 

Figure 19 Hovmöller diagram of the percentage of pixels used for the computation of the median for 

the oligotrophic lagoonal waters cluster. 
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Figure 20 Hovmöller diagram of the percentage of pixels used for the computation of the median for 

the reef waters cluster. 

Table 5 Average percentage of the available observations on which the computation of the Hovmöller 

plots is based for each cluster 

Cluster N Mean (%) 

Merged nearshore-coastal waters 9404 26 

Coastal waters 9361 28 

Midshelf waters 9933 28 

Lagoon waters 10203 23 

Reef waters 7780 20 

 

3.3.3.2 Spatial and temporal variability in Chlorophyll-a 

The Hovmöller diagrams for the CHL concentrations are shown in Figure 21 to Figure 24. Seasonal 

patterns, characterized by increasing CHL between March and August can be observed in all 

diagrams. The patterns are more complex for the nearshore and coastal waters. The magnitude of the 

CHL signal decreases from the shore to the reef waters, as observed previously (Figure 8). 

A striking difference in the CHL signal is observed in Figure 20 with high CHL concentrations (>1 µg 

L
-1
) occurring more frequently at approximate latitudes 18.20 ̄and 19.50̄. The former would 

correspond to the enclosed waters of Rockingham Bay, while the latter corresponds to the receiving 

waters of the Burdekin River. This indicates how important it is to consider the effect of the inclusion 

of the nearshore waters cluster when analysing this region, particularly for assessing compliance to the 

Guidelines.  
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Figure 21 Hovmöller diagrams of Chlorophyll-a for (top) the merged nearshore and coastal waters 

clusters, (bottom) the coastal waters cluster only. 
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