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Abstract: The Murray Darling Basin Authority (MDBA) currently has been using a discrete field
sampling technique for water quality monitoring that is expensive, time consuming and may not
adequately represent the spatial variability of water quality relative to the entire water body. A pilot
project was executed to assess the effectiveness of using earth observation data, supported by ar-
chived field-based observations for quantitative estimation of Water Quality Parameters (WQP) and
detection of algal blooms in the River Murray. The selected pilot study area includes a 100km stretch
of the River Murray between the Hume Dam and Yarrawonga Weir. The time frame for the archived
field samples was between November 2008 and March 2011, when major algal blooms were occur-
ring in this stretch of the Murray River.Analysis of the 2009 data shows that waters in sites in the
Murray River downstream of the Hume Dam to the Yarrawonga Weir show more temporal than
spatial variability in Chl-a and PC levels. The Chl-a concentration is relatively less in the Yarra-
wonga Weir than in the Murray River. The scatter plot of PC vs. Turbidity suggests that PC is a
more significant parameter for the detection of Cyanobacteria than Chl-a. The field data represents
the temporal bio-optical variability across the 2009 algal bloom events by successfully capturing the
co-variations among Chlorophyll-a, Chycocyanin and turbidity at pre, during and post bloom con-
ditions. The methodology has proved that the usefulness of an integrated earth observation and
field based WQP technique to accurately map algal bloom events. The long term MDBA RMWQMP
data for the 2009 bloom event is found partially compatible to the NOW Pilot study data in that
only the data for the Heywood site that was used together for testing the WQP monitoring tech-
nique. The incompatibility of the RMWQMP data downstream of Yarrawonga Weir may be due to
differing techniques used for determining Chlorophyll. The 2010 data was suitable for testing the
technique for complex spatial bio-optical variability during the peak of the bloom in a large water
storage. Lack of Chlorophyll measurements in 2010 data poses challenges in interpreting the rela-
tionship of bio-optical variability with the spatial distributions of bio-optical parameters. As rela-
tional parameters are absent, local information and expert advice will be required to develop plau-
sible assumptions between the Chlorophyll - Phycocyanin relationship. The field sampled data for
the 2010 bloom event acquired from the Hume Dam was used for comparative investigation of both
moderate resolution sensors (MODIS and MERIS) and high resolution sensors (TM/TM+). The 2009
bloom event field samples of sites in the Yarrawonga Weir was used as an input with MODIS and
MERIS and the data from all the sites was applied with TM/TM+. This paper will present an inte-
grated earth observation and field based WQP technique to accurately map algal bloom events, and
discuss challenges for real time earth observation data initiatives and future collaborative projects.

Keywords: Earth observation, Water quality, MDBA, Landsat, MODIS, MERIS, PC, Chl, Algal
bloom

1. Introduction
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The Murray-Darling Basin (MDB) covers an area of over 1 million square kilometres,
comprising roughly 14% of the total area of Australia. The vast majority of the Australian
continent is classified as dry to semi-arid, with prolonged periods of drought and occa-
sional heavy rainfall resulting in devastating floods.

The MDB is home to rivers and waterways totalling more than 15,200 kilometres in
length. These rivers and tributaries are generally narrow (50-100m wide) and shallow. A
number of large dams, reservoirs and weirs were constructed to store water and regulate
flows in the Murray and Darling Rivers and their tributaries.

The Murray and Darling Rivers are the life blood of the regional towns that are lo-
cated on them. Apart from regulation providing available water for stock, domestic, in-
dustrial and agricultural purposes, it provides an amenity for recreational pursuits.

The increase in the rate of supply of organic matter in an ecosystem or eutrophication
[1] can lead to increased growth of algae. As algae die and decompose, nutrients, in par-
ticular phosphates and nitrates, increase in the water body leading to reduction of dis-
solved oxygen and water quality, which in turn can lead to fish death or reduced value to
fishing and recreational use of water ways. Human activities such as run-off from agricul-
tural fertilizers and unprocessed sewage can also contribute to eutrophication.

The Murray River and its tributaries have long been subject to problems with cyano-
bacteria. In the past few years in particular, reduced water levels due to prolonged
drought across the whole Murray Darling Basin have fostered an increase in cyanobacte-
ria, leading to an explosion of phytoplankton populations in many storages ([2-4]). Ac-
cording to s172 of The Water Act 2007, the MDBA has a critical requirement for the man-
agement of water quality and water dependent ecosystems associated with Basin water
resources. The River Murray Water Quality Monitoring Program (RMWQMP) has col-
lected discrete field sampling of physical, chemical and biological parameters from 35 sites
since 1978 to determine and monitor long term water quality variations. On 5 March 2009
a bloom was detected on Lake Hume, and by 6 April the red alert had extended to cover
800 km of the Murray River downstream of the Hume Dam [2]. Between 8 and 10 February
2010 a substantial cyanobacterial bloom dominated by Anabaena Circinalis was detected
from Lake Hume to 400 km downstream of the Hume Dam, although in lesser concentra-
tion [5].

With the recent outbreak of blue-green algal (cyanobacteria) blooms, the RMWQMP
has taken the initiative to rapidly respond to these events, using aerial surveillance to re-
port on the extent of the algal bloom and help inform management decisions. Rapid sam-
pling capability for surveying and monitoring of blue-green algal blooms in the MDB was
initiated and a pilot survey, which used rapid broad-area sampling for water quality, was
conducted in April 2010 in Lake Hume [5].

While WQPs derived from a field sampling are more accurate than those determined
by other means (including remote sensing and computer modelling), field sampling rep-
resents the water quality of a very small area spatially, and is time consuming and expen-
sive to collect. Therefore, discrete field sampling does not adequately represent the spatial
variability of water quality and often does not represent the condition of the entire water
body [6]. Moreover, water quality monitoring of a large system such as the MDB using
discrete field sampling alone would be extremely difficult and prohibitively expensive.

The water quality parameters were extracted through a combination of multiplat-
form remote sensing datasets, and has been validated using co-temporal in situ measure-
ments collected during field campaigns that produced quite satisfactory results over in-
land shallow waters in Spain. In particular, for the drone hyperspectral instrument, the
root means square error, computed to quantify the differences between the estimated and
in situ chlorophyll-a concentrations, was 3.45 with a bias of 2.96 [7]. Earth observation
data combined with limited in-situ field data sampling can provide a quick assessment of
surface water quality. The synoptic and repetitive viewing capabilities of satellite earth
observation data would overcome constraints associated with field sampling, providing
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an additional means of water quality monitoring over a greater range of temporal and
spatial scales [8,38].

This paper describes a pilot study of water quality monitoring using satellite earth
observation undertaken collaboratively by the MDBA. The objective of this study was to
investigate the capability of earth observation data for estimating bio-optical WQPs using
archived field sampled water quality data and determine its suitability for detecting and
tracking algal bloom events in the study area. In this study, only archived field sample
data was analysed. The results of this analysis, its implication for the selection of a satellite
sensor and the methodology of generating WQP for the pilot study are described.

2. Study Area and the River Murray Water Quality Monitoring Program (WQMP)

The area selected for the pilot study includes a 100 km stretch of the River Murray
between the Hume Dam and Yarrawonga Weir as shown in Figure 1. Algal blooms have
frequently occurred in this area ([2-4]) prompting several jurisdictional agencies to under-
take field sampling for WQPs within this reach. Field sampling of WQPs was performed
at regular intervals during the entire period of the pilot study.

¥ Pilot Study Area

Hume Dam

Field Sample Sites

MDBA lohg term samiple sites
Now Pilot study sa@mple sites
)

Figure 1. Pilot Study area and the sample site locations.

Among the jurisdictional agencies, the field sampling program being carried out by
the NSW Office of Water (NOW) is of significant importance to this study. NOW is carry-
ing out bi-weekly to monthly field sampling of algal parameters from 8 sampling sites
since January 2008 for detecting algal blooms and taking various management actions (e.g.
providing water level alerts to water users). The NOW carried out additional sampling of
bio-physical WQPs between November 2008 and May 2009 using an in-situ measuring
fluorometer to trial rapid sampling as opposed to laboratory analysis of the samples.
These fluorometric measurements were carried out at five sampling sites in the Murray
River downstream of Hume Dam.

3. Data and Methodology

The proposed methodology broadly involves four key steps: analysis of the archived
field sample data, atmospheric correction of earth observation imagery, development and
verification of a spectrally-stratified WQP algorithm and application of the algorithm for
WQP mapping ([10,11,36,38]).

3.1. Field Sample Data Collection
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The archived WQP data sets includes MDBA Pilot Study (MDBAPS) data, MDBA
long term monitoring data acquired by NOW(MDBA_NOW) and by Department of Sus-
tainability and Environment, Victoria (MDBA_DSE) and NOW Pilot Study (NOWPS) data.
The MDBAPS and NOWPS data sets were obtained from pilot studies undertaken to de-
velop a rapid field sampling capability using an in-situ measuring fluorometer.

With the MDBA_NOW data; turbidity was measured in-situ and Chl-a (Chl-a) con-
centration was determined from the surface grab samples in the laboratory using
UNESCO [11] and Lorenzen [12] spectro-photometric techniques.

The MDBAPS used a Hydrolab MS5 system for measuring pH, turbidity and tem-
perature and a Turner Cyclops-7 fluorometer for measuring cyanobacterial concentrations
[5]. The NOWPS used a Yellow Spring Instrument (YSI) water quality sonde for measur-
ing temperature, turbidity, PC (PC) and Chl-a [2]. The measurements made by these in-
struments were calibrated and verified using surface grab samples.

3.2. Field Sample Data Analysis

The analysis of archived field sample data involves summarising the available ar-
chived data and the analysis of various scatterplots. Available archived field samples were
summarised by period of acquisition, measured WQPs and number of observations for
each dataset. This information was used to check the number of archived satellite images
available close to the field sampling area.

Scatterplot analysis was performed to determine the spatial and temporal variability
of distributions of optically active in-water constituents, their effect on the optical prop-
erty of the water, and suitability for collective use of the datasets obtained across multiple
agencies for the study.

Spatial variability of a data set observed from relatively few sample sites were deter-
mined by comparing site-wise scatterplots and from large number of sample sites. This
was done by splitting the samples site into small transects along North to South and East
to West directions and comparing transect-wise scatterplots. Relationship between scat-
terplot and spatial distribution of the samples in these transects are analysed using scat-
terplot and the map showing the spatial distribution of transects. For clearer understand-
ing of the relationship same colour scheme was used for representing the samples in the
scatterplot and in the transect map.

The suitability of collective use by multiple agencies was also carried out by compar-
ing scatterplot distributions of the sampled in water constituents and optically active wa-
ter quality parameters.

3.3. Selection of Archived Satellite Sensor Images

Earth observation archives were searched to obtain cloud free satellite images, suita-
ble for monitoring water quality within the MDB during the relevant time span and close
to the acquisition dates of the field sampled datasets. A summary of these images is pro-
vided in Table 2.

Table 1. Summary of archived satellite images acquired close to the field sample acquisition date:
Field sampled Set 1 was acquired on November 2008 to May 2009 and Set 2 was acquired on 10-13
March 2010.

Satellite Sensor/Area of Number images available for different time frame
coverage Matching field sampled datasets
Set 1 Set 2
MERIS 15 1
MODIS 16 1
TM/ETM+ 19 1
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The estimation of bio-optical parameters (such as Chl-a and PC) for the detection of
algal blooms in inland waters has demanding requirements for instrumentation in terms
of spectral resolution and sensitivity, atmospheric correction accuracy and water constit-
uent retrieval algorithms [14].

Many ‘ocean-colour’ satellite sensors are available today such as MODIS, SeaWiFS,
OCM and MERIS. MERIS offers the most suitable option for real-time operational and
detailed parameter retrieval of inland waters, because of its high temporal resolution (2-3
days) and spectral coverage of 15 bands in the visible and near IR, providing basin wide
coverage. However, because of its relatively coarse spatial resolution (300m) it is best uti-
lized for larger water bodies such as lakes, dams, and reservoirs [8]. Monitoring of large
water bodies in the MDB is also very important because lakes and storages provide a fa-
vourable environment for phytoplankton growth and algal blooms [15].

The Moderate Resolution Imaging Spectroradiometer (MODIS) sensor on board the
TERRA and AQUA satellites provides a high temporal resolution. MODIS sensors on
TERRA and AQUA satellites provide daily images in the morning and afternoon around
3 hrs apart [14]. Therefore, it is worth investigating the MODIS 250-500m images for this
study because large numbers of relevant images are available close to the acquisition of
archived data (Table 1). MODIS'’s two broad high-resolution bands (250m) have been used
successfully for monitoring Total Suspended Sediments (TSS) and turbidity in inland
lakes and estuaries ([17,18,19,37]). However, its ability to detect other crucial parameters,
such as phytoplankton pigments (Chl-a), is limited. It is worth noting that MODIS 500m
bands shows potential for Chl monitoring in coastal waters ([20,22,24]).

Higher resolution satellites are required for monitoring the narrow rivers character-
istic of the MDB. Landsat provides the best choice for this purpose, as data is available
free of charge. When data from Landsat TM5 and TM7 is combined, two images can be
obtained every 16 days [23]. In one part of the study area (from the Hume Dam to around
15km downstream) the Landsat paths (91 and 92) overlap, allowing the capture of 4 im-
ages every 16 days.

3.4. Atmospheric Correction

An accurate atmospheric correction technique is required to use a collection of ar-
chived field data for the development of robust bio-optical algorithms. In atmospheric
correction, the atmospheric scattering effects are removed from the total radiance meas-
urement by the radiative transfer model. Atmospheric effects increase with off-nadir
viewing as the thickness of the atmosphere between the target and the sensor increases.
This aspect is particularly important for wide field-of-view sensors such as MODIS and
MERIS [24].

Table 2. List of atmospheric correction softwares

A that devel-
Software Name gency that deve Supporting Sensor Image Software suitable for:
oped the software
SeaDAS NASA MODIS and MERIS Oceanic and Coastal Environ-
ment
BEAM ESA MERIS Oceanic and Coastal Environ-
ment
ENVI, FLAASH ITT VIS Landsat Terrestrial environment
ATCOR ERDAS Landsat Terrestrial environment

This study intends to evaluate both land-based and coastal water-based atmospheric
correction software packages to select the technique best suited to correction of images
over inland waters.
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The raw MODIS data will be atmospherically corrected using the SeaDAS software
package and shall be compared against similar MODIS data that Geoscience Australia
(GA) had atmospherically corrected using MOD09-MOD43 Land-based atmospheric cor-
rection software. MDBA has engaged Prof Arnold Dekker from the CSIRO Land and Wa-
ter’s Environmental Earth Observation Program to conduct the following professional ser-
vices for this project:

e  Produce approximately 22 atmospherically corrected Landsat scenes and relevant
(near-coincident) MERIS and MODIS scenes using CSIRO c-WOMBAT-c (MOD-
TRAN -based) code (for Landsat), and the VISAT-BEAM software (MERALIS) for the
Authority.

e  Share expertise through hosting appropriate Authority NRI staff at a CSIRO facility.

e  Provide appropriate access to Geoscience Australia NBAR products for the same 22
Landsat scenes referred to in (a) which CSIRO holds for use by the Authority.

e  Provide Ensure that MDBA with the atmospherically corrected Landsat and MERIS
satellite images.

e  MDBA will negotiate suitable end-user license agreements with Geoscience Australia
(for NBAR corrected Landsat data and with the European Space Agency (for MERIS
images) to have free access to the CSIRO corrected data as the Authority does not
have relevant atmospheric correction software in-house to perform the required im-
age processing.

For MERIS data, BEAM softwares would be used for atmospheric correction and
would be compared with the European Space Agency (ESA) corrected product.

For Landsat images, land-based, atmospherically corrected GA images [25] would be
evaluated against a similar CSIRO product. The CSIRO corrected product is generated via
a technique developed exclusively for correction of images over inland aquatic environ-
ments.

3.5. Development and Validation of WQP Algorithms

In this study statistical correlation and regression analysis would be performed to
develop the WQP algorithm. Existing algorithms, developed for accurately retrieving
WQP from various sensors as reported in the literature (Table 3), would be used as guide-
lines to select the appropriate bands and band transformations for the retrieval of these
parameters.

Table 3. Summary of semi-empirical bio-optical algorithms for MERIS and Landsat (£ in the table
denotes the central wavelength of image bands).

Sensor's . o
Nv?]rg; :f Name Algorithm Applicability Reference
MERIS Name Band transformation
Chl-a Ratio b7/b9 turbid waters with high biomass [26]
Three band (b7-1-b91)xb10 turbid and hypertrophic waters [27]
Reflectance | b8-Db9 - ((b10 - b9)*(Ave ) .
Line Height - fos)x(fior0 - o)) turbid and hypertrophic waters [28]
Landsat Ratio b1/b2 Chloropyll concentration <20ug.1"! [29]
in th f ded sedi-
(b1-b3)/b2 in the presence of suspended sedi [30]
ment scattering
b1/b3 Chloropyll concentration >20ug.I* [31]
b3/b4 [32]
PC MERIS Ratio b9/b6 turbid inland waters [33]
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The spectral resolutions of MERIS and Landsat are suitable for the retrieval of Chl-a,
with MERIS proving the better choice for estimating this parameter in turbid inland wa-
ters. Band ratios, three band and Reflectance line height algorithms allow Chl-a estimation
in turbid waters, ranging from high biomass to hypertrophic waters. For TM/ETM+, vari-
ous band ratio algorithms have been found suitable for estimating Chl in turbid waters
present in various concentration ranges. A combination of the ratio of the three visible
bands allows estimation of Chl-a with minimum influence from the presence of sus-
pended sediment [30].

The finer spectral resolution of MERIS imagery is only suitable for retrieving PC con-
centrations. However, other algorithms are available for PC estimation with minimum
interference from Chl pigments. These algorithms involve combinations of bands with
wavelengths centred close to that of the MERIS bands. For example, some studies [34]
show that R (700) / R (600) allows retrieval of PC with negligible influence from Chl pig-
ments. In this study a correlation analysis will be used to find the best band combinations
within the red and near IR spectrum.

The wide bandwidths and low signal to noise ratio of TM/ETM+ does not meet the
minimum requirements for PC detection [8], however it was found that multiple linear
regression of visible to near IR bands was capable of detecting PC (r2 < 0.78) [33]. MODIS
500m band images also had limited application for the estimation of bio-optical parame-
ters. However, MODIS 500m images may be spectrally comparable to the TM/ETM+ im-
ages because their visible and near IR bands fall within the broad wavelengths of
TM/ETM+ (Table 4). In this study simple linear and multiple linear regression analyses
would be investigated to develop algorithms for MODIS and TM/ETM+.

Table 4. Wavelength comparison for MODIS 500m bands and TM/ETM+ bands

Sensor Name Band wave length(nm)
Blue Green Red NIR MIR SWIR
MODIS 459 -479 | 545-565 | 620- 670 | 841-876 1628 - 1652 2105 - 2155
TM and ETM+ | 450-520 | 520-600 | 630-690 760-900 1550-750 2080-2350

The WQP algorithm development and verification involved five basic steps [24],
which include:

e Extraction of image data over the sample sites: The average pixel value for a 3x3 to 5x5
pixel window around the sample site would be taken as the representative image
value for TM/ETM+ images to reduce random noise [36]. However, a single pixel
would be used for MODIS and MERIS due to their coarser spatial resolution relative
to TM/ETM+ images.

e Filtering out noisy pixel data: For moderate resolution satellites, at the scan edge the
projection of a MODIS and MERIS detector’s instantaneous field of view (IFOV) onto
the earth’s surface is approximately 2.0 and 4.8 times larger than at nadir in the track
and scan directions, respectively [37]. The larger pixel size (approximately 2 km x 4.8
km) would significantly reduce the correlation between image data and field meas-
ured WQP data. Therefore, pixels at the edge of the swath would be excluded from
the analysis.

e Image band transformations: Image bands and transformation of image band combina-
tions that most accurately retrieve Chl-a, PC and turbidity by MERIS, MODIS and
TM/ ETM+ as reported in literature (Table 3) would be applied.

e Correlation analysis: Identify image band combinations and their transformations that
show the highest correlation with the observed WQP.

e Development and verification of the WQP algorithm: The relationship between a WQP
and remotely sensed data would be modelled with linear regressions. Data points
withheld from the regressions, served as test data to verify the algorithm and to vis-
ualise the robustness using scatter plots.
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3.6. Generation of a WQP Map from the Image

The optical properties of inland water are very complex, which is a function of at
least 3 optically active in-water constituents.

Normally, empirical algorithms can be expected to perform well only inside their
range of derivation and the water type of a specific optical property for which they are
derived. The application of the algorithm to another water type with different optical
properties would lead to increased error in the estimation of WQPs ([8], and [38]). The
application of the algorithm to accurately estimate WQP requires spatially mapping the
optical property as a water type map from this image.

The spectrally stratified WQP mapping technique is proposed by this study to im-
prove the accuracy of estimation. This involves mapping the water type and utilising it as
a guide to apply the WQP algorithm for generating an accurate WQP map from the image.

The spatial variability of the spectral properties of waters in the study area is planned
to be mapped as water types using a spectral image classification technique, which in-
volves the following procedures:

e  The selection of a suitable band and combination of band transformations which
spectrally enhances the spatial variability of the optical properties of waters in the
study area.

e  Apply unsupervised classifications to generate large a number of homogeneous clas-
ses.

e  Aggregate the classes into a group by analysing the spectral and spatial similarities
between them and using available field information to label these groups with an
appropriate water type name based on the composition of active in-water constitu-
ents.

4. Results and Discussions

Archived samples of Chl-a, PC, turbidity and temperature of 2009 and 2010 algal
bloom events as shown in Table 5 were obtained for this study. The NOWPS and the
MDBA long term datasets: MDBA DSE and MDBA_NOW provide biophysical WQ infor-
mation across all alert zones from the 2009 algal bloom event that occurred downstream
of the Hume Dam to the Yarrawonga Weir (Figure 2). A large volume of observations
(38800) from MDBAPS contains biophysical WQ information for the whole of the Hume
Dam acquired between 10t and 12% March 2010, largely between a few centimetres to a
few meters spacing when the bloom was at its peak [5].

Table 5. Available archive of field sampled WQP data

Agency Name Date of ac- Location WQP measured Number of observations
quisition
NOWPS November Downstrean of Yarra- Chl-a, PC, Turbidity, 2-5 taken at 21 different
2008 to wonga Weir to Murray Temperature days
May 2009 River at Albury (Union
Bridge)
MDBA long
term sampling
MDBA_DSE River Murray at Hey- Chl-a and Turbidity 1 taken at 16 different
woods (409016) days
MDBA_NOW Downstream of Yarra- Chl-a and Turbidity 1 taken at 30 different
wonga Weir (409025) days
MDBAPS 10-12 Hume Dam PC, Turbidity, Temper- 38800 taken in 3 days
March 2010 ature
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Turbidity (INTU)

The site-wise scatterplot distribution of Chl-a vs PC of the NOWPS dataset (Figures
2a & 2b) depicts more temporal than spatial variability. The waters at Yarrawonga Weir
sites have relatively low Chl-a concentrations (< 13pg.1") compared to sites at River Mur-
ray. The Yarrawonga Weir and the Murray River sites both show the occurrence of two
types of Chl-a vs PC compositions, one is showing a condition dominated by Cyanobac-
teria where PC is found to increase with Chl-a concentrations and is representative of a
Cyanobacterial bloom. The other composition shows high Chl-a concentrations associated
with relatively low PC concentrations (< 1.25 RFU), which is indicative of conditions prior
to or after an algal bloom. In this condition, the optical property is different from that in
Cyanobacteria dominated conditions as shown in PC vs. Turbidity scatterplot (Figures 2c
and 2d). For the same Chl concentration level, the turbidity is higher in this condition than
in Cyanobacteria dominated conditions. This may be because the effect of PC absorption
on turbidity is less in this condition than in Cyanobacteria dominated conditions.

Phycocyanin(RFU)
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Figure 2. Scatter plot Turbidity vs. Chl-a

The NOWPS dataset successfully captured the temporal variability of water quality
across the 2009 cyanobacterial bloom as shown by the scatterplot of Chl-a vs PC and PC
vs. Turbidity (Figures 3a and 3b). In these plots, the sampled data is grouped as pre-bloom,
during and post-bloom, taking the period of the algal bloom to be between the middle of
February to the middle of April. The pre-bloom data shows low PC (<1 RFU) and rela-
tively low Chl-a concentrations (< 10ug.1"), while post-bloom data shows low PC (<2.5
RFU) and relatively high Chl-a concentrations (10-30 pg.1"). Data during the period of the
algal bloom us shows an increase of both PC and Chl-a concentrations (Figure 3a). The
rising rate of turbidity due to the increase of Chl-a during pre and post bloom periods is
higher than that seen during the bloom period (Figure 3b). The scatter plot of Chl-a vs.
Turbidity (Figure 3c) shows that the change in turbidity is influenced more by the pres-
ence of Chl-a than the presence of PC, and fails to distinguish between bloom and post-
bloom conditions where high Chl concentrations (10-30 ug.l') and low PC levels are found.
This result suggests that PC is a more important parameter than Chl-a for detecting cy-
anobacterial blooms.
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Turbidity (NTU)
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Figure 3. Scatter plots of period of algal bloom between middle of February and the middle of

April.

Comparison of Chl-a vs. turbidity scatterplots of NOWPS data and MDBA long
term data as shown in Figures 4a and 4b suggests that only the MDBA_DSE data is suita-
ble to be used collectively with the NOWPS data. The distributions of NOWPS data and
MDBA_DSE data are similar (Figure 4a). The higher Chl concentrations (> 30 ug.I"') of
MDBA_DSE data relative to NOWPS data agrees with fact that it is sampled from the site
(site# 409016) at Heywood which is located further upstream of the NOWPDPS sites (site#
409001, 4091011 409002) and is closest to the point of discharge from the Hume Dam where
algal was first detected in March 2009[2] as shown in Figure 4.

+MDBA_DSE: 409016
BHOWPE: 40900T e s
mIOWPS: 40910119

WOWPS: 409002

a)

Chlorophyll-a concentration (ug.1')

NOWPS and MDBA_DSE datasets

Turbidity (NTU)

BMDBA NOW_UNESCO 409025
BMDEA NOW-LORENZEN 402025

* NOWEPS:409025

N
" .
L 4
=
ge - Bow
e

Chlorophyll-a concentration (g I'!)

b) NOWPS and MDBA_NOW datasets

Figure 4. Comparison of scatter plots of Chl-a vs. Turbidity.

The distribution of MDBA_NOW data and NOWPS data are not similar (Figure 4b)
even though these data sets are sampled from the same site (409025). This dissimilarity is
resulting from the difference in Chl-measurement techniques. The UNESCO [11] and Lo-
renzen[12] spectro-photometric techniques overestimates Chl-a concentrations (pg.1")
compared to the Flourometric technique used by NOWPS.
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The scatter plot distribution of PC vs. turbidity of the complete MDBAPS dataset of
Hume Dam, as shown in Figure 5, is very complex and it is difficult to interpret the rela-
tionship between spatial variability of bio-optical parameters and their optical properties.
The field sample acquisition path was segmented into various East to West and North to
South transects and analysis of scatter plot distribution of PC vs. turbidity for each of these
transects and their groups as Northern Zone (NZ), Dam Wall Zone (DWZ), Southern Zone
(5Z) and Southern Most Zone (SMZ) is shown in Figure 6. Analysis of scatter plot distri-
bution of PC vs. turbidity for each of these transects show that the data consists of 20-30%
of outliers (Figure 7a) and good data sets (Figure 7b). The outliers are distributed rather
randomly compared to the good data set. This data set has a distribution similar to that of
scatter plot PC vs. turbidity of NOWPS data showing the effect of co-variation of Chloro-
phyll and PC on turbidity at pre-bloom, bloom and post-bloom conditions observed dur-
ing the 2009 bloom event (Figure 3b). In the absence of chlorophyll measurement, the in-
formation of the relationship of co-variation of Chlorophyll and PC with turbidity as ob-
served during this event may be used to infer about the spatial distribution of chlorophyll
at the peak of an algal bloom event on 10 March 2010 in the Hume Dam.

$10-March 2010 O11-March2010
Rl .

Turbidity(INTU)

Phycocyanin (Cells.ml 1)

Figure 5. Scatter plot of PC vs. Turbidity of the MDBA dataset.

The zone-wise scatterplot distributions of PC vs. turbidity of good data set show the
effect of spatial co-variation of Chlorophyll and PC on turbidity in the Hume Dam. These
distributions are in conformity with the spatial distribution gradient of NOW field meas-
urements of blue green algae of 10/03/2012 at three sites with one at Dam wall and other
two with one in its South at Ebden and its North at Heywood (Figure 6). The Phycocyanin
concentration is higher at Ebden and Heywood than the Dam wall with highest concen-
trations at Heywood (Figure 7). The Phycocyanin concentration is also found to be higher
in the Southern Most Zone (SMZ) than those of Dam Wall Zone (DWZ) but with a dip in
concentrations in SZ in between SMZ and DWZ. However, even though in the north the
concentration in NZ is lower than those of DWZ, the concentrations decrease in the North
to South direction in NZ (Figure 8) suggesting that the Phycocyanin concentrations of wa-
ters further north of Transect 1 and 2 at Heywood may be higher than those of DWZ.
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Northern Zone(NZ) Transects

Dam Wall Zone(DZ) Transects
Southern Zone(SZ) Transects
Southern Most Zone(SMZ) Transects
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Figure 6. Segmentation and grouping of acquisition path into various East to West and North to
South transects.
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Figure 7. Zone-wise scatterplot of Phycocyanin vs. Turbidity(The abreviations NZ, SZ, SMZ and
DWZ refer to Northern Zone, Southern Zone, Southern Most Zone and Dam Wall Zone
respectively).

Bluegreen Algae
Concentrations(cells.ml!)

Sample Sites

Figure 8. Bluegreen algae concentrations (Cell.ml-1) determined on 10/03/2010 at sample sites Eb-
den, Dam Wall and Heywood in the Hume Lake (see Figure 6 for site locations).
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Phycocyanin(Cells.ml ')

Figure 9. Transect-wise scatterplot of Phycocyanin vs. Turbidity in Northern Zone(NZ) with
Transects 1 and 2 are furthest with respect to the Dam Wall Zone(DWZ).

Samples are taken from Eastern Side (ES), Western Side (WS) and in between (IB) ES
and WS of each transects as shown in the Figure 10 for comparing East to West distribu-
tions. The scatterplot distributions of PC vs. Turbidity spatial variation of chlorophyll con-
centrations may be inferred only from the first three transects. The concentrations only
of first three transects in NZ are higher in the Western side than in the Eastern side (Figure
11) and from the fourth segment onward the concentration gradient shifts and the con-
centrations in the Eastern side becomes higher than in the Western side as shown in Figure
12. Transects 1 and 2 show that even though the samples of Transect 1 in the Eastern Side
(ES) are closest to the bridge in the north than the samples of Transect 2 in the Western
Side (WS) (Figure 10), the samples of transect 2 in the WS show both higher Phycocyanin
and turbidity than those of Transect 2 in the ES (Figure 11a). This suggests that both chlo-
rophyll and PC concentrations are higher in the WS than in the ES. The same is observed
between Transect 2 and 3 distributions. Both Phycocyanin and turbidity are higher in
the WS of Transect 3 than those in the ES of Transect 2(11b). Both of these parameters
decrease from Transect 1 to Transect 3 in the North to South direction at higher magnitude

in the WS than in the ES.

Eastern Side(ES)

In Between(IB) Eastern and Western Side e _Aa' |

Western Side(WS

Figure 10. Map of samples of Eastern Side (ES), Western Side (WS) and In Between (IB) ES and WS
taken from selected transects for comparison of East to West distributions.
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Figure 11. Scatterplot distributions of Eastern Side (ES), Western Side(WS) and In Between(IB) ES
and WS samples of: a) Transects 1 and 2; and b) Transects 2 and 3.
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Figure 12. Scatterplot distributions of Eastern Side (ES), Western Side (WS) and In Between (IB) ES
and WS samples of: a) Transects 4 (NZ)and 2; b) Transects 1 DWZ; c) b) Transects 1 SZ; and d)

Transects 1 SMZ.

5. Conclusions

Archived, field sampled datasets were available for Cyanobacterial bloom events that
occurred in 2009 and 2010 in the study area. For the 2009 event, data was available from
across the bloom event for sites between the Murray River downstream of Hume Dam to
the Yarrawonga Weir. For the 2010 event, field samples were available during the peak of
the bloom in the Hume Dam. The findings and the way forward are summaised here:

Analysis of the 2009 data shows that waters in sites in the Murray River downstream

of the Hume Dam to the Yarrawonga Weir show more temporal than spatial varia-
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bility in Chl-a and PC levels. The Chl-a concentration is relatively less in the Yarra-
wonga Weir than in the Murray River. The scatter plot of PC vs. Turbidity suggests
that PC is a more significant parameter for the detection of Cyanobacteria than Chl-
a.

e  Analysis of the data shows that potential exists to test the Remotely Sensed WQP
monitoring technique, provided an adequate number of archived satellite images are
available close to its acquisition dates. The 2009 data of the NOW pilot study [4] is
suitable for testing the spatial technique for a complete single algal bloom event. The
field data represents the temporal bio-optical variability across the 2009 algal bloom
events by successfully capturing the co-variations among Chlorophyll-a, Chycocya-
nin and turbidity at pre, during and post bloom conditions.

e  The long term MDBA RMWQMP data for the 2009 bloom event is found partially
compatible to the NOW Pilot study data in that only the data for the Heywood site
can be used together for testing the WQP monitoring technique. The incompatibility
of the RMWQMP data downstream of Yarrawonga Weir may be due to differing
techniques used for determining Chlorophyll.

e  The 2010 data is suitable for testing the technique for complex spatial bio-optical var-
iability during the peak of the bloom in a large water storage. Lack of Chlorophyll
measurements in 2010 data poses challenges in interpreting the relationship of bio-
optical variability with the spatial distributions of bio-optical parameters. As rela-
tional parameters are absent, local information and expert advice will be required to
develop plausible assumptions between the Chlorophyll - Phycocyanin relationship.

e  The field sampled data for the 2010 bloom event acquired from the Hume Dam may
be used for further comparative investigation of both moderate resolution sensors
(MODIS and MERIS) and high-resolution sensors (TM/TM+). The 2009 bloom event
field samples of sites in the Yarrawonga Weir may be used as an input with MODIS
and MERIS and the data from all the sites can be used with TM/TM+.
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