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Executive Summary

The two moorings designed and deployed by the project have gathered eight months of multi-sensor data on the southern Namaqua shelf, from March to June 2004 and February to July 2005. The new buoy and mooring design has shown itself as stable from a systems perspective, has good hydro-mechanical performance, and offers high quality biological and physical data. Data products from the mooring, in conjunction with satellite data from the MERIS sensor, have been used for the detection and monitoring of several bloom events in real-time. Mooring deployment and operation has been extremely valuable in better understanding the technical, logistical and conceptual requirements for the operational use of lightweight buoy systems, and an extensive set of recommendations for operational mooring use are presented. 

Reflectance algorithms allowing the production of algal biomass and assemblage descriptors from both buoy and satellite ocean colour measurements have been further developed. Three algorithms have been focused on: an analytical reflectance inversion algorithm offering biomass, size and chemotaxonomic algal identifiers, a computationally fast empirical chlorophyll a algorithm for high biomass waters based on algal backscattering, and fluorescence line height and quantum yield algorithms offering physiological proxies and instantaneous primary production estimates. These algorithms can be applied to both mooring and satellite measured reflectance data, allowing derivation of analogous algal descriptors on both Eulerian and synoptic scales. The importance of utilising data across a variety of spatial and temporal scales for HAB detection is demonstrated through several presented case studies. 

Mooring and satellite data products have been made available in near real-time through the course of the project on the hab.org.za web site, which also offers educational material and HAB related local publications. The Department of Science and Technology is likely to fund ongoing mooring maintenance and development, and the development and routine provision of HAB related satellite products, through the Frontier programme. 
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1. Rationale

The Benguela system suffers from frequent occurrences of a variety of toxic and otherwise harmful algal blooms (HABs). Such blooms can have severe negative impacts on local marine ecosystems and communities, in addition to commercial marine concerns such as rock lobster and mariculture operations. Effective ecosystem management requires a greater understanding of the variability of HABs as ecologically prominent phenomena, and a means of monitoring critical system locations. Coastal management agencies would benefit greatly from a real time capability to detect precursive and formative bloom conditions, and to monitor the advective movement, growth and decay of surface blooms.

This project has demonstrated the utility of real time bio-optical data as an integrated management tool for coastal agencies, and an early warning system with regard to HAB detection and ecosystem protection. Ocean colour data has been used in conjunction with numerical techniques recently developed at UCT to provide algal bio-mass and chemotaxonomic assemblage descriptor data. The real time availability of algal assemblage data on a variety of spatial scales, and with high temporal resolution, has provided a highly effective tool for the prediction, monitoring and ecological analyses of HABs in the Benguela system. 

The primary focus of the project has been the construction, deployment and maintenance of a demonstration bio-optical mooring, located on the southern Benguela Namaqua shelf. Additional daily synoptic ocean colour data from the MERIS sensor, supplied under the auspices of the Coastwatch program by ACRI in France, has provided broader scale coverage of the system. Data have been disseminated in near real time via the project's web portal, which has also provided additional public health and related educational material.

2. Namaqua Multi-Sensor Mooring

2.1 Buoy Design and Development

The project has designed and deployed two mooring systems: a prototype system which provided data from March to June 2004, and a redesigned system which has been in operation since January 2005. The original mooring consisted of a surface following principal scientific buoy, designed with a low surface area to minimise shading of the bio-optical sensors and attached to a single point mooring (Figure 1).

[image: image20.wmf])

1

3

(

)

1

2

(

)

1

3

(

1

2

*

l

l

l

l

-

-

-

-

-

=

L

L

L

L

FLH


Figure 1. The original surface following principal scientific buoy, consisting of an Ocean-i control system with a payload of two hyperspectral radiometers, thermistor chain and fluorometer. Power was provided by solar panels and a battery pack, with GSM telemetry providing real time data.

This original mooring, named Bokkom, demonstrated the utility of multi-sensor data for HAB monitoring and detection, and immediately provided an improved understanding of bloom dynamics and allowed the real-time detection of several bloom events. However, the buoy design and mooring geometry resulted in high stress to the mooring as a whole and the principal buoy suffered irreparable damage in June 2004. In addition the mooring suffered from low visibility, sensitivity to bio-fouling and proved somewhat cumbersome to manhandle during servicing operations. A decision was made to redesign both the mooring and principal buoy, focusing on enhanced seakeeping abilities and ease of servicing. The initial mooring was nevertheless highly valuable: providing proof of concept, allowing development of a robust buoy system controller in the Ocean-i system (Saturn Solutions, UK), and providing valuable lessons in optimising lightweight mooring design and maintenance.

The new principal buoy was designed as a pencil or spar buoy for its enhanced sea-keeping abilities. Such buoys have lower pitch and roll motions than surface following buoys [e.g. Carpenter et al 1995] and similar buoy designs have been used successfully in Antarctic waters. Key components of the design were to ensure maximal buoyancy location at the waterline, just sufficient buoyancy to keep the buoy hanging from the surface, and that the bulk of the weight was located as far below the water surface as possible. 

To keep the windage of the buoy as low as possible, the mast of the buoy was designed with minimal projected surface area. The payload at the top of the mast was kept to a minimum, consisting of the GPS and GSM antennae, the irradiance sensor and navigation light. Flexible solar panels wrapped around the mast supply power to the system and charge the battery – panel area was minimised to reduce windage. Initial calculations showed that enough power could be generated from the two 11 watt panels chosen to support the system despite the sub-optimal configuration. The deployment requirements of the radiance sensor were that it should be vertically orientated, as close to the surface as possible and free from shading by the buoy structure. To meet these criteria, a stainless steel bracket was attached to one side of the buoy to mount the downward looking radiance sensor and SCUFA fluorometer. A pressure sensor was added to the payload to provide accurate depth measurements; pencil buoys are known to have a greater heave movement than surface following buoys and the absolute depth of the radiance sensor must be known for processing purposes. 

The buoy was constructed from PVC pipe encapsulated in fibreglass. Two smaller diameter pipes were attached to the lower section of the buoy, adding to the strength of the structure and providing housing for the cables running through the buoyancy unit down to the Ocean-i data logging system. A stainless steel cage bolted to a flange at the bottom of the buoy houses the Ocean-i system, battery and ADCP. These are the heaviest components of the system and provide ballast at the bottom of the buoy as well as a clear line of sight for the ADCP. In an ideal system the ballast should be as far below the waterline as possible. However, increasing the length of the buoy poses several difficulties - making handling of the buoy from a small boat more problematic and potentially causing loss of surface current data from the ADCP. A compromise was reached in which the length of the structure below the waterline was made ~2 m; ADCP data collection starts at 4 m. Buoyancy of the structure below the waterline was minimised to enhance stability.  Housing the instruments in the open stainless steel cage reduced buoyancy, in addition to allowing the lower section of the PVC pipe to be flooding with a vent hole at the top of the pipe. The surface flotation unit consists of closed-cell foam (Sondor Industries SPX33) encapsulated in fibreglass. The buoy has been named the Benguela Optical Buoy (BOB). Schematics of the buoy and system design are shown in Figures 2 and 3.
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Figure 2. Schematic of the principal scientific buoy design on the Namaqua mooring- the Benguela Optical Buoy (BOB)
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Figure 3. Schematic of the sensors, power, control and telemetry systems for the principal scientific buoy.

2.2 System Design and Development
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The heart of the buoy system is the Ocean-i data logging system, manufactured by Saturn Solutions (UK) to the specific requirements of the project. The Ocean-i chassis (Figure 4) is housed in a depth rated case and is positioned in the cage at the bottom of the buoy, along with the battery and ADCP.  The chassis on which the electronics are mounted was designed to include space for the thermistor board (Templine, Apprise Technologies, USA) and batteries in order to eliminate the need for an additional waterproof housing for the thermistor chain controller. 

Figure 4: Ocean-i electronics chassis
The initial mooring phase indicated the importance of minimising power consumption, particularly so, given the reduced solar panel area of the second principal buoy. This required a concomitant reduction in the amount of power used by the system. It was discovered that at 12 volts the radiometers drew an ambient current of 40mA and that they could be more optimally powered at 7.8 volts reducing the power draw to 7mA. To facilitate this reduction in power, a power supply board for the radiometers was designed and integrated into the Ocean-i system to step-down the power supplied to the radiometers from 12 to 7.8 volts.

The use of a spar buoy design for the second buoy bus results in enhanced vertical motion in response to the wave field. In order to produce remote sensing reflectance measurements from the radiometer data, the radiance data must be propagated to the surface. This requires knowledge of the depth at which the radiance measurement was made. The previous design of the buoy as a surface following platform meant that the depth of the radiance sensor remained relatively constant and could be measured before deployment. In order to obtain a measurement for depth on a vertically moving platform a pressure sensor has been incorporated into the system and is located next to the radiance sensor. The Ocean-i system has six instrument channels, all of which were already utilized by sensors. The incorporation of a pressure sensor required the sharing of an existing instrument channel. Readings from the thermistor chain were originally collected throughout the two minute sampling burst. This was changed to take one reading from the thermistor chain before the start of the sampling burst and then change the baud rate and utilise the same channel to collect pressure sensor readings along with each radiance measurement throughout the two minute burst.

The incorporation of the pressure sensor, which is an analogue instrument, involved the addition of an A/D converter in order to interrogate the instrument. This is built into the Ocean-i system and has the secondary advantage of enabling power monitoring of the buoy. A measurement of battery voltage is collected alongside each depth measurement and saved with the data. Buoy diagnostics now available in real time thus include power, tilt and roll, and depth, allowing assessment of both system and hydromechanical performance.

2.3 Mooring Design
In addition to modifications to the bus and system structure of the principal scientific buoy, the structure of the mooring itself was substantially modified for the second mooring phase. The single point tether system used by the first mooring was sub-optimal for several reasons: it resulted in significant stress to the scientific buoy, the thermistor chain was at risk of damage, and the marker buoy suffered from excessive bio-fouling and low visibility. A new marker buoy of improved design and visibility, named the Benguela Optical Marker Buoy (BOMB) was thus constructed alongside the principal buoy. A dual tight line mooring was adopted, consisting of pairs of trawl floats with plumb weights as dampers, BOMB and BOB, all connected by 6m strops.  The mooring was oriented into the dominant south-westerly current – a schematic is shown in Figure 5. Photographs of the mooring and principal buoy are shown in Figure 6.
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Figure 5. Schematic of the Namaqua shelf dual tight line mooring.
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[image: image27.emf][image: image28.emf]Figure 6.  The marker (BOMB) and principal scientific buoys (BOB) in position on the tight line mooring (top), bio-fouling on BOB prior to servicing (middle), the radiometer arm on BOB (lower left) and the subsurface instrument cage (lower right).

The buoy was deployed on the mooring in Lamberts Bay on the 26th January 2005. Hydromechanical performance of the buoy and mooring as a whole has been greatly improved by design changes implemented. Stress from the mooring transmitted intermittently to the scientific buoy by waves passing along the mooring was reduced by weighting the strop between the marker and scientific buoys.

Diagnostic data indicate good hydromechanical performance as regards the heave and pitch of the buoy, with the radiance sensor depth varying between 0.2 and 0.6m, and the tilt/roll of the buoy allowing highly angular constrained optical measurements under most sea conditions. In summer months the two 11W solar panels appear to provide adequate power to allow the buoy to operate in a self-sufficient mode for months at a time. Battery voltages in summer remain within a constant range, indicating a well balanced system with regard to power consumption, with the battery voltage dipping at midnight and being recharged during the day. However recent data during winter operations indicate that with decreased insolation, increased cloud cover, and reduced daylight hours photovoltaic recharging is not sufficient for sustained self-sufficiency, and the buoy can operate for approximately three-four weeks before suffering power shortages. In the short term this can be worked around by increased servicing frequency – a longer term solution in the form of an additional miniature wind generator is currently being investigated.

2.4 First and Second Phase Mooring Data

A synopsis of the data set from the initial mooring period is presented in Figure 7. The data show that, from the Eulerian perspective of the mooring, there were between three to five bloom events in the three month period presented. One of these events was an extensive bloom of the small dinoflagellate Prorocentrum triestinum, whilst it appears the remaining events were dominated by the photosynthetic ciliate Mesodinium rubrum, and occurred on a relatively small spatial scale. The typical co-occurrence of these high bio-mass surface expressions with elevated surface temperatures would indicate that surface advection plays an important role in bloom aggregation. Further examples of HAB monitoring on an event scale using both mooring and satellite are presented in Section 5.
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Figure 7. Temperature, analytical reflectance algorithm derived chl a and raw fluorescence voltage, algorithm derived algal effective diameter and relative alloxanthin concentrations for the initial mooring period.

The processed data set to date from the second mooring phase is shown in Figure 8. Exceptionally warm low biomass surface waters in February are coccolithophore dominated, followed by a series of dinoflagellate blooms in March/April in response to upwelling related elevated surface nitrate values. May, June and July show far less temperature variability and typically a greater mixed layer depth, with the occasional small scale bloom suspected to be the photosynthetic ciliate Mesodinium rubrum. Gaps in the data set result from power failures, either due to battery failure or winter power shortages resulting from decreased insolation and sub-optimal photovoltaic recharging.

[image: image30.png]500 600

500 600

500 600 700

=03}
‘T 0.2 %

0.1

[m]

)

b,

0.015

0.01

0.005

()
400

500 600 700

500 600
Wavelength [nm]

()
400

500 600
Wavelength [nm]

500 600 700
Wavelength [nm]





Figure 8. Temperature form three depths, chl a derived from the 709 algorithm and raw fluorescence voltage, and ADCP eastings and northings for the second mooring period

2.5 Radiometric Stability
A TriOS FieldCAL unit purchased with the radiometers is used for assessing drift of the radiometric sensors in the field. The TRIOS radiometric sensors were calibrated in Oldenburg, Germany at the time of purchase in October 2003. Subsequent calibration of the radiometric sensors requires an extensive optical calibration facility not available in South Africa and therefore the FieldCAL unit is used to assess radiometer performance. The lamp used in the FieldCAL unit only outputs sufficient energy for calibration between 430 and 730nm. This is a much smaller range than that of the radiometers, which sample from 350 to 950nm. As a result of this reduced range of the FieldCAL unit it is only possible to use the unit as a guide to whether there has been any major drift in the calibration of the radiometers, rather than as an absolute calibration. 

FieldCAL spectra were measured for both radiometers before the buoy was initially deployed and subsequently roughly once a month when servicing of the buoy was carried out. Calibration is carried out by attaching the FieldCal unit to the radiometer using the appropriate housing for the sensor, waiting for at least one minute after the FieldCAL unit has been turned on for the lamp to stabilise and then collecting and recording the spectra measured by the radiometer using Ocean-i. These spectra are then compared to the reference spectra for the radiometers that were supplied with the FieldCal unit (Figure 9). 

The nature of field calibration means that it is impossible to sample at a constant and specific temperature. The emission of the FieldCAL unit drops with increasing temperature and therefore the ambient temperature during sampling will have an effect on the measured calibration spectra. Some of the calibration spectra were measured late at night or first thing in the morning in Lamberts Bay when it is considerably cooler than the room temperature at which the reference spectrum is measured. Other calibration spectra were measured at higher temperatures than room temperature. Both conditions will affect the values of the measured calibration spectra and so the amount of drift.

Despite the limiting conditions in the way in which measurements were made it can be concluded that generally less than 5% drift has occurred in the calibration of the radiometers, a portion of which may be due to the conditions in which calibration spectra were obtained.
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Figure 9. Spectral drift of the irradiance and radiance spectra on the buoys over a period of 18 months. The spectra indicate the stability of the sensors despite having spent over eight months at sea,

2.6 Current Mooring Status
Additional sensor failures include the GPS (unknown causes), the Druck pressure sensor (bio-fouling on the titanium membrane), the inclinometer in the radiance sensor (unknown causes), and the thermistor chain (entangled in mooring). Both Trios radiometers are being returned to Germany for recalibration and inclinometer repair. The thermistor chain has been temporarily replaced with a logging system – a new real time instrument is expected in several months courtesy of M&CM. Replacement of the GPS and pressure sensors, regarded as relatively low priority ancillary sensors, is expected as soon as funds allow. The principal scientific buoy is currently out of the water to allow for extensive winter servicing of the sensors and the complete mooring, which is currently heavily bio-fouled to the extent of compromising hydro-mechanical performance. The mooring is expected back on line in mid to late August once the necessary repairs and servicing have been effected.

2.7. Frequency Analysis of Mooring Data: Physical Causal Mechanisms

Whilst the primary function of the mooring is the operational detection of HABs, the high frequency multi-parameter Eulerian dataset offered by the moorings allow considerable insight into both algal dynamics and causal physical processes. An example of this is offered by wavelet frequency analyses conducted on the ADCP, fluorometer and temperature data collected from the monthly subsets of the 2005 mooring phase. Analyses were performed on data collected at half hour intervals for an unbroken record of 26 days for January/ February and 27 days for April/ May 2005.  Thermistor chain data is unavailable for April/ May due to the loss of the thermistor chain. ADCP and temperature data are analysed at all depths for which data are collected through the water column. 

ADCP data for January/ February show a strong signal at the inertial period of 22.5 hours throughout the water column (Figure 10). Signals at 3.5 and 9-10 days are potentially associated with coastal trapped waves and upwelling events. Temperature data for the same period exhibit similar signals at 3.5 and 9-10 days though the 3.5 day signal appears to shift to a shorter period with increasing depth. A strong diurnal signal can be seen in the upper layers of the water column due to daily heating and wind events. A diurnal signal is also visible in the fluorescence data which may be attributed to photo inhibition. Longer period signals in the fluorescence data appear to be around 4 and 8 days.

ADCP data for April/ May exhibit the same 22.5 hour inertial signal as the January/ February data. (Figure 11) The 4 day signal may be associated with coastal trapped waves and the 9-10 day signal apparent in the January/ February data set does not appear. Fluorescence data for this period is dominated by a short high biomass event which appears to mask the signals expected in the data and is exhibited as high power in the region from 5 to 12 days. A semi-diurnal signal can be seen but the expected diurnal signal is missing from the power spectrum and a small signal can be seen around 1.5 days.
The appearance of analogous frequency signals in the power spectrum from both physical and biological data highlights the dominance of physical control mechanisms on HAB transport, particularly from the Eulerian perspective of a mooring. It appears that inertial forces dominate higher frequency variability in currents throughout the water column, and detailed studies will examine the effects of removing the inertial signal with frequency based filters. Other high frequency signals in temperature and algal fluorescence are due to diurnal heating effects and photoinhibition in the fluorescence signal. However, there appears considerable coherence between physical and biological data at lower frequencies – specifically the 3-4 day and 8-10 day signals potentially associated with coastally trapped waves and cyclic upwelling. Again, such data emphasise the need to better understand the effects of physical control mechanisms on bloom transport, and in particular the relative importance of the mechanisms responsible for the poleward flowing inshore current and shoreward bloom transport. The most important of these are considered to be onshore winds, baroclinic instabilities, cape pressure differentials, and coastally trapped waves [Bernard et al 2005]. Identifying the relative importance of these processes on shoreward transport can be achieved most effectively using hydrodynamic models, and implementing such high resolution circulation models for the Greater St Helena Bay region is of considerable importance.
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Figure 10. Wavelet analyses of ADCP, temperature and algal fluorescence data for January/February 2005.
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Figure 11. Wavelet analyses of ADCP, temperature and algal fluorescence data for April/May 2005

3. Reflectance Algorithm Development
3.1 Analytical Reflectance Model

The reflectance approximation, commonly used for reflectance inversion algorithms [Roesler & Perry 1995, Garver & Siegel 1997, Roesler & Boss 2003] expresses the light leaving the sea surface in terms of the absorption and backscattering properties of the water column. Using remote sensing reflectance Rrs [Zaneveld 1995]
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(3.1)

where Lu (0+,) is the upwelling radiance just above the sea surface, Ed (0+,) is the downwelling irradiance just above the sea surface, f/Q is a shape factor describing the angular structure of the light field [Zaneveld  1995, Morel et al 2002], a() is the total absorption coefficient, and bb() is the total backscattering coefficient. It is thus possible to relate the absorption and backscattering coefficients in the upper optical depths [Gordon & Mcluney 1975] to measurements of the upwelling radiance and downwelling irradiance. 

The total absorption and backscattering coefficients are the summed total respective coefficients of the principal optical constituents of the water column: considered to be phytoplankton, coloured dissolved compounds here referred to as gelbstoff, particulate biological breakdown products otherwise known as detritus, other small particles generally considered to have a ubiquitous presence in the sea, such as lithogenic material or bacteria, and the seawater itself.

3.1.1 Phytoplankton Absorption and Backscattering Coefficients

It is possible to represent the optical properties of complex phytoplankton size distributions with simple Standard distributions [Hansen & Travis 1974], providing the effective diameter and total particle surface area are equivalent. In addition particle optic models using a two layered spherical geometry have been shown to provide reasonable approximations to the absorbing and backscattering properties of phytoplankton populations, based on reflectance comparisons [Bernard 2005].
The algorithm uses absorption and backscattering data for three algal groups – chlorophyll b containing nanoflagellates and chlorophytes, fucoxanthin/peridinin containing diatoms and dinoflagellates, and alloxanthin/phycoerythrin containing cryptophytes (or organisms associated with cryptophyte endosymbionts such as Mesodinium rubrum).  The three groups are chosen as representative of the major algal classes in upwelling systems [Hutchings et al 1994], and will be referred to as the nano, diadin and crypto groups respectively. Refractive index data representative of these three algal groups are derived from field measurements of absorption and particle size distributions, based on a two layered geometry with a peripheral chloroplast layer set to 20 % of total cell volume. Absorption (Qa) and backscattering (Qbb) efficiency factors for size ranges of the three algal groups from 1 m to 100 m diameter are then generated using these refractive index data. These pre-computed efficiency factors are used by the algorithm to calculate the phytoplankton absorption coefficient and backscattering coefficients using an admixture of the three algal groups as given by:
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and
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where the solvable unknowns Pn represent the normalised scaling parameter (0 ≤ Pn ≤ 1) for a single vector in the admixture such that:
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Relative accessory pigment concentrations, to be used as chemotaxonomic markers, are calculated through a mean pigment suite admixture 
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and psn represents a vector of measured accessory pigment concentrations associated with each algal group. The particle size distribution in Eqn. 3.2 is given by a Standard size distribution [Hansen & Travis 1974]:
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(3.6)
where the effective diameter deff is a solvable unknown, No is an arbitrary scaling parameter, and a constant effective variance of Deff=0.6 is used. The total volume 
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of this distribution can then be calculated with:






[image: image11.wmf]3

()()

6

VFdddd

p

=

ò






(3.7)

and the initial distribution F(d) is scaled to a Chl specific size distribution F*(d) for use in Eqns 3.2 and 3.3 with:
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Phytoplankton absorption and backscattering coefficients are thus explicitly dependent on the Chl concentration, effective diameter, and the fractional component of the three algal groups as given by the Pn parameters – these five parameters being explicitly solved for by the reflectance algorithm.

3.1.2 Absorption and backscattering coefficients of other constituents

Gelbstoff and detritus absorption spectra typically display similar exponential spectral shapes [Bricaud et al 1981, Roesler et al 1989] and their combined absorption is represented by an exponential shape function [e.g. Roesler & Perry 1995]:
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where agd (400) is explicitly solved for. The exponential slope factor S is taken as a constant of 0.012, determined as a typical combined value for the southern Benguela [Bernard 1996, unpublished data].

Backscattering by small particles (bbs) e.g. detrital, bacterial or lithogenic particles, is represented by a power law following a -1.2 relationship [Roesler & Perry 1995], employing a explicitly solved scaling parameter. The absorption of seawater is given by the data of Pope & Fry [1997], whilst the backscattering of seawater is given by the data of Morel [1974]. 

3.1.3 Bidirectional Reflectance Considerations

The bidirectional character of the upwelling light field in the sea is well known, and is described in the reflectance approximation (Eqn 3.1) by the combined parameter f/Q [Zaneveld 1995, Morel et al 2002]. It is known that this parameter is dependent upon the inherent optical properties of surface waters, most importantly the phase function and backscattering efficiency [Morel & Maritorena 2001], and other factors influencing the angular structure of the radiative field, such as solar zenith angle and surface roughness [Morel et al 2002, Albert & Mobley 2003]. The most sophisticated formulation available to estimate systematic variability in the f/Q parameter is that of Morel et al [2002], obtained through radiative transfer simulations employing phase functions allowing a variable backscattering efficiency. The spectral formulation is explicitly dependent upon both the Chl  concentration and the solar zenith angle, and the look-up tables provided by Morel et al [2002] are used here for f/Q estimation. Solar zenith angles are calculated from position, date and time using the algorithm of Reda and Andreas [2003].
3.1.4 Final Model Formulation

Give that the diffuse attenuation coefficient for upwelling radiance can be also expressed in terms of the solvable absorption and backscattering coefficients [Albert & Mobley 2003], Eqn 3.1 can be reformulated to explicitly solve for the upwelling radiance Lu measured at depth z whilst maintaining the integrity of the reflectance approximation:
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(3.10)

where   is an assumed constant (=1.3612) describing the upwelling radiance transmittance across the air-sea interface, and other notation is as previously described.

The model can be summarised as follows. Inputs are measured hyperspectral upwelling subsurface radiance (Lu(z,), w cm-2 nm-1 sr-1) and above surface downwelling irradiance (Ed(0+,), w cm-2 nm-1). The model uses seven solvable unknowns: chlorophyll a concentration (Chl, mg m-3), algal effective diameter (deff, m), the relative concentration of the three algal groups (0< Pn < 1, n=1 to 3), combined gelbstoff and detrital absorption (e.g. agd(400), m-1), and small particle backscattering (e.g. bbs(550), m-1). Algal optical properties for the three groups are calculated assuming constant group specific and size independent chloroplast and cytoplasm refractive indices, chloroplast volumes of 20 %, and ci values. Gelbstoff/detrital absorption and small particle backscattering employ constant spectral shapes and variable magnitude.

The model employs a simplex solution method [Nelder & Mead 1965], using constant initial values, and is coded in Matlab R14 (The Mathworks). As the model specifically does not account for sun induced natural fluorescence [Babin et al 1996, Maritorena et al 2000], the convergence weighting for the Nelder-Mead solution is set to negligible values between 665 and 715 nm – the spectral region likely to be affected by natural algal fluorescence [ibid.]. The model thus does not seek to match spectral reflectance values at these fluorescence wavelengths, and in effect offers a means of discriminating fluorescence effects, as have earlier models of a similar nature [Roesler & Perry 1995].

3.1.5 Model Performance

Prediction of Inherent Optical Properties

Algal absorption coefficients were in general well predicted by the model, with spectral R2 values of 0.84 to 0.94 and SEP values of 34 % to 55 %, between 400 and 700 nm (Figure 13B). The rather flat spectral R2 and SEP (Standard Error of Prediction) values indicate that there is little spectral bias in the a() predictions. Algal absorption is also an important intermediate variable with regard to Chl, assemblage size, and accessory pigment prediction, and the generally good predictions of both algal absorption and these parameters (see below) indicate that the two layered equivalent size distribution absorption parameterisation employed by the model is appropriate.
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Figure 12. Example reflectance model matches and IOP results for a range of water types. Figures A (reflectance), D (absorption) and G (backscattering) for low biomass flagellate dominated waters (measured Chl=0.24 mg m-3); B (reflectance), E (absorption) and H (backscattering) for intermediate biomass diatom dominated waters (measured Chl=20.9 mg m-3); and C (reflectance), F (absorption) and I (backscattering) for high biomass Mesodinium rubrum dominated waters (measured Chl=49.3 mg m-3). Note the distinct natural fluorescence peaks unmatched by the model in B and C, the generally good match between measured and modelled absorption values, and the variability in the spectral shape of the total particulate backscattering coefficients. In all cases lines represent measured data whilst dots represent modelled data.
Prediction of Algal Descriptors
Detailed quantitative analyses of model performance, using bootstrapping analyses (1000 replicates) to generate all statistical data, are shown in Figure 13. Prediction of chlorophyll concentrations was extremely good (r2=0.97, standard error of prediction (SEP)=29 %, n=42), through a dynamic range of over three decades and with little bias (y=0.91x).

The model also showed the ability to detect the effective diameter of the algal assemblage deff (r2=0.73, SEP= 42 %, n=42), although with a systematic bias towards over-prediction (y=1.45x). The over-prediction of algal size is likely to result at least in part from the assumptions necessarily employed by the algal IOP parameterisations in the model; specifically the assumption of constant ci values for the three algal groups represented. Whilst it is known that this assumption is a considerable simplification, it allows a reasonable prediction of the changes in an algal size parameter from reflectance data, with the important caveat that assemblage ci values must remain reasonably constant e.g. the unlikely switch to a heterotroph dominated community [Pitcher et al 1998] with considerably lower ci values could introduce significant errors in size prediction. It is considered inappropriate to use the reflectance model to gain absolute algal size data: the effective diameter product should rather be used to assess whether the relative size of the algal community has changed e.g. the shift to domination by large celled dinoflagellate species through a data time series.

As regards the prediction of relative accessory pigment concentrations, the model was only able to predict the alloxanthin/chlorophyll a ratio with success ((r2=0.72, SEP= 48 %, n=36), with an offset resulting from the non-zero alloxanthin concentrations of the pigment basis vectors used in the model (y=0.65x + 0.037). The elevated alloxanthin ratios in the data set employed here are associated with the ciliate Mesodinium rubrum, and whilst it is unlikely that the direct effects of alloxanthin are causal to detection, there is no doubt that the model is effectively distinguishing waters with elevated concentrations of this organism. 
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Figure 13. Algorithm performance, given by R2, standard error of prediction (SEP), and linear slope values, with regard to: A) spectral remote sensing reflectance Rrs (), B) spectral phytoplankton absorption a(), C) spectral combined gelbstoff/detrital absorption agd (), D) chlorophyll a, E) effective diameter deff, and F) the alloxanthin/chlorophyll ratio.

3.2 Empirical Backscattering Based Reflectance Model: the 709 Algorithm
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Whilst analytical reflectance algorithms are powerful in that they offer a solution based on first principles and an output of algal assemblage descriptors, they are expensive computationally. An example of the computational cost is the routine CoastWatch MERIS imagery, which takes ~ 12 hours to process with the analytical algorithm on a fast PC. The two layered particle population simulations employed in construction of the analytical reflectance algorithm have shown that algal backscattering exerts a profound and relatively predictable effect on reflectance values at red wavelengths. A simple two waveband algorithm has thus been constructed, based on the knowledge that algal backscattering offers a strong signal at red wavelengths. This algorithm has the advantage of using a strong, direct signal in high biomass waters, unlike traditional empirical ocean colour algorithms, which suffer from vanishingly small signals at blue and green wavelengths in high biomass waters. 

Figure 14. Reflectance (upper), estimated particulate backscattering (middle), and the 665 to 709 nm reflectance ratio with exponential best fit line (bottom) for a variety of algal assemblages, showing the conceptual underpinnings of the 709 algorithm.
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Figure 14 shows measured hyperspectral remote-sensing reflectance data, corresponding particulate backscattering data estimated from the analytical reflectance algorithm, and the 665 to 709 nm reflectance ratio for samples from a wide variety of algal assemblage types through a wide range of chlorophyll concentrations. These data show that the shape of particulate backscattering is strongly influenced by the algal component, and that high biomass blooms lead to a distinctive peak in the reflectance spectrum at centred at ~709 nm. Whilst considerable variability in the spectral shape of reflectance is introduced through variability in assemblage type, the presence of other backscattering constituents, and sun-induced fluorescence, it appears that the 665 to 709 nm reflectance ratio is strongly and relatively predictably influenced by algal biomass (lower figure). This relationship can be quantified empirically (Figure 15), and used in predictive application for chlorophyll a calculations from both in-water and satellite derived reflectance measurements. Algorithms of this type offer considerable potential application in high biomass waters, and will be more closely investigated using both measured and simulated bio-optical data.

Figure 15. Exponential best fit line for the Rrs(665):Rrs(709) to chlorophyll a relationship, using measured hyperspectral reflectance data and concomitant HPLC samples from a wide range of water types.

3.3 Fluorescence Line Height and Quantum Yield Algorithms

Natural fluorescence of phytoplankton in the sea offers information, available from both moorings and satellites, pertaining to algal physiology and rate processes such as primary production [Young & Beardall 2003]. Such data have obvious relevance to HAB detection and monitoring, and the analytical structure of the reflectance algorithm allows derivation of fluorescence products with relative ease. 

Sun-induced fluorescence of phytoplankton can be quantified by retrieval of the fluorescence signal from near-surface radiance data, either using in situ real time radiometers such as the sensor attached to the Benguela Optical Buoy (BOB), or ocean colour satellites. As application of the latter, data is acquired from the Medium Resolution Imaging Spectrometer (MERIS). A fluorescence line height (FLH) algorithm from Gower et al (1999) is applied to the measured upward radiance spectra to isolate chlorophyll fluorescence from elastic scattering at fluorescence emission wavelengths (Figure 16).
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(3.11)

FLH* is the non-integrated fluorescence line height; (1 and (3 defines the boundaries of the fluorescence spectral range; (2 is the fluorescence emission band chosen to represent maximum phytoplankton fluorescence; L1 and L3 are the upward radiances of the baseline, thus corresponding to the fluorescence spectral band margins; and L2 is the radiance value at (2.
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Spectral integration of FLH* provides the total contribution of fluorescence to the upward radiance (denoted here as FLH).

In assessment of the validity of the fluorescence line height calculation, the relationship between FLH and measured in situ chlorophyll-a concentration was examined. Data from 17 stations of the BENCAL cruise (Barlow et al 2003) was employed for this purpose. The literature, e.g. Neville and Gower (1977) for chlorophyll concentrations over the range 1 - 20mg.m-3, suggests [image: image45.png]HAB detection and scales of measurement: March/April 2005
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a linear correlation. Figure 17 shows the regression with R2 = 0.78.

Figure 17. Regression showing the correlation between calculated integrated fluorescence line height and measured chlorophyll-a concentration 
According to Kiefer et al (1989) variations in the rates of photosynthesis as a result of changes in size and pigment composition of the phytoplankton crop, and the intensity and spectral composition of the light field, correspond to variations in fluorescence. Therefore the determination of fluorescence quantum yield from FLH offers insight into algal physiology, and the potential to derive rate processes using space-based data. The fluorescence quantum yield is calculated in the following way (Babin et al, 1996):
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(3.12)

( f  is the quantum yield of fluorescence; FLH is the integrated fluorescence line height; photosynthetically available radiation is represented by PAR; the vertical attenuation coefficient for scalar PAR is Kpar; a(685) is the absorption coefficient at 685nm; [chl] depicts chlorophyll-a concentration; ā*(  is the mean absorption coefficient of phytoplankton per unit of chlorophyll-a; and Q*a(685) is the package effect at 685nm.

In order to obtain fluorescence quantum yield from remotely sensed data (Eqn 3.12), the chlorophyll concentration and phytoplankton absorption coefficients are provided by the inverse reflectance algorithm. Scalar irradiance, as derived from the downwelling irradiance signal by applying a constant conversion factor of 1.30 (Maritorena et al, 2000), is spectrally integrated between 400nm- and 700nm wavelengths in order to obtain PAR. The irradiance is measured in situ or, in the case of satellite derived data, it is calculated by applying the Gregg and Carder spectral solar irradiance model (Gregg and Carder, 1990). Kpar is calculated using a bio-optical model formulated by Morel (1988), which is the attenuation coefficient averaged over the euphotic zone:
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(3.13)

Calculation of the mean absorption coefficient of phytoplankton per unit of chlorophyll a is
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(3.14)

where 
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(() is the scalar irradiance, 
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(() is the chlorophyll-a specific in vivo absorption coefficient of phytoplankton, and 
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signifies wavelength.

Morel and Bricaud (1981) determine the reabsorption factor (or package effect) at 685nm as follows:
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Initially a formulation of the relationship between photosynthesis, fluorescence and irradiance (from Chamberlin et al, 1990) is used to predict production: 
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(3.16)


where Fc is the rate of photosynthesis; kcf is the value of irradiance at ½ ((c /( f)max; (c is the quantum yield of photosynthesis; and ((c /( f)max is the maximum value of the ratio of quantum yields. Note that ((c /( f)max and kcf are empirical constants with values of 2.3 carbon atoms/photon and 133(mol quanta.m-2.s-1 respectively.

Eqn. 3.16 was drawn from measurements made at several distinct geographical regions during varying seasons and the data covers a wide range of photosynthetic rates and chlorophyll concentrations. Nevertheless it is beneficial to perform a parameterisation relating to the Benguela upwelling system, which results in instantaneous production specific to the region.

To this end the fluorescence quantum yield was obtained from fluorescence measurements of field samples. Photosynthesis-irradiance experiments coincided with the fluorescence measurements for the determination of the photosynthetic quantum yield. Eqn. 3.16 was subsequently substituted for the following expression:
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Figure 18 shows the photosynthesis-irradiance curves of two samples. It also displays the regression that leads to Eqn.3.17.
Figure. 18. Example photosynthesis-irradiance curves, and an initial parameterisation of the photosynthetic to fluorescence quantum yield ratio with regard to algal biomass. A parameterisation of this type will allow the estimation of instantaneous production rates for southern Benguela coastal waters.

To demonstrate the application of the procedure discussed, the algorithm was applied to the time series of reflectance data from the initial mooring period in 2004 (as seen in Figure 19). Elevated fluorescence quantum yields are seen to coincide with newly upwelled waters. These results are consistent with previous observations, where the enrichment of illuminated surface waters with nutrients during upwelling causes an increase in production and therefore increased fluorescence.
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Figure 19. Application of the combined fluorescence algorithm to reflectance data from the initial deployment period of the Namaqua mooring. Temperature data are shown at bottom to illustrate periods of increased upwelling.

An essential purpose of the MERIS satellite is its capability to obtain a chlorophyll-a fluorescence signal from the water leaving radiation (Gower et al, 1999). The reflectance signal at MERIS wavebands 665nm, 681.25nm, and 708.75nm is employed to determine FLH. MERIS reflectance is converted to upward radiance through the use of the Gregg and Carder spectral solar irradiance model (Gregg and Carder, 1990). A Gaussian distribution centred at 681.25 represents the resulting MERIS fluorescence peak.

The Gregg and Carder model (Gregg and Carder, 1990) is more comprehensively known as a simple solar spectral model for direct and diffuse irradiance on horizontal and tilted planes at the earth’s surface for cloudless atmospheres and it is approved for the Solar Energy Research Institute. Irradiance is computed, specifically for oceanographic applications, at or just below the ocean surface at high resolution in the spectral range of 350nm – 700nm, and it is corrected for earth-sun orbital distance. Input to the model include the solar zenith angle, the collector tilt angle, atmospheric turbidity, the amount of precipitable water vapor and ozone, surface pressure, and ground albedo. The model output agrees spectrally with observed surface spectral irradiances to within ( 6.6% (rms) and as integrated PAR to within ( 5.1% (ibid).
Results obtained from the application of the fluorescence line height technique to MERIS data revealed strong correlations between chlorophyll concentration, FLH, and production (figure). Values of fluorescence quantum yield were relatively low, which is expected for the surface, as confirmed by the literature. Assemblages of high effective diameter appear to display an increased fluorescence quantum yield.

It can be deduced that spectrally integrated fluorescence line height is a good estimate of biomass from space and in situ real time radiometers. The results discussed above show that it also provides a method for acquiring production remotely. Satellite derived synoptic physiological proxies and instantaneous production estimates thus appear to have considerable potential application in the detection of harmful algal blooms.

4. Development of a Satellite Based Monitoring Capability

The primary focus of the project with regard to developing a remote sensing capacity for HAB monitoring has been the Medium Resolution Imaging Sensor (MERIS), operated by the European Space Agency. The project also benefits from sea surface temperature (SST) data from the Advanced Very High Resolution Radiometer (AVHRR) and provisional data from the Moderate Resolution Imaging Sensor (MODIS) – both supplied by the Remote Sensing Unit at UCT. MERIS data is made available from two sources: near real-time 1 km resolution data from ACRI in France under the auspices of the Coastwatch and GOOS-Africa programmes; and archived 260 m and 1 km resolution data directly from the ESA under the auspices of ESA Programme 470. 

4.1 Experimental MERIS Products

Application of the reflectance algorithm described above to MERIS data has allowed derivation of chlorophyll, algal effective diameter and fluorescence synoptic products. These products have demonstrated their utility in several bloom situations, providing more accurate chlorophyll estimates at high biomass, and a biomass independent assemblage descriptor through algal size. Examples of reflectance algorithm output can be seen in Figure 20, demonstrating the utility of algorithm output for the analysis of mesoscale shelf processes. Two features in the imagery are of particular interest. The effective diameter data display an extensive feature of relatively high algal size, extending from the northern boundary of the Agulhas current, through the retroflexion zone and into the south Atlantic - closely following the thermal front visible in the SST imagery. Another feature of interest is the high fluorescence quantum yield values corresponding to active upwelling in the Namaqua cell. Further demonstration of the utility of the reflectance algorithm’s biological and physiological outputs are provided in Section 5.

Operational use of MERIS data for HAB detection is still hampered by the atmospheric correction and flagging routines currently employed, as discussed in detail in BCLME/EV/HAB/02/05 Project Report 5. Resolution of the overflagging issue is extremely important – the MERIS data has shown itself to be of high quality and, in combination with the reflectance algorithms discussed above, could fulfill a potentially critical operational role in HAB detection and forecasting. In addition, the project is already receiving near real-time data – a capability that took more than a year of negotiation – and is an approved science partner for MERIS. Efforts are being made to resolve these issues, and address the need for continued data reception, through [image: image54.png]Integrated Power  Integrated Power  Integrated Power
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attendance at the September 2005 MERIS workshop in Italy followed by meetings with representatives of the ESA and ACRI. 

Figure 20. SST and MERIS derived chlorophyll concentration, effective diameter and fluorescence quantum yield data from 1st March 2004. Note the feature corresponding to elevated effective diameter values in the thermal front extending from the northern boundary of the Agulhas current, through the retroflexion area and into the south Atlantic. Also note the dramatically elevated fluorescence quantum yield values corresponding to active upwelling at the northern boundary of the imagery.

4.2 Validation of MERIS Reflectance and Geophysical Products

An important aspect of using ocean colour data in the optically complex waters of the southern Benguela are calibration and validation activities: assessing the accuracy and precision of MERIS water leaving reflectance data and derived geophysical products. Bio-optical buoys can provide valuable validation information for ocean colour satellite systems, particularly when supported by intensive field campaigns. Such data are also of importance in optimising regional flagging and processing routines. A selection of preliminary validation data from March /April 2005 are presented in Figure 21.

It should be appreciated that such validation data present methodological difficulties due to both the inherent patchiness of high biomass southern Benguela waters, and the mismatch in spatial scales between satellite and in-situ sampling. In this regard the availability of high resolution 260 m MERIS data is of considerable advantage. Nevertheless the data are very encouraging, as they indicate the good radiometric performance of the MERIS sensor (even in high biomass waters), and the good performance of the experimental 709 algorithm. Note the poor performance of both the MERIS case 1 and case 2 algorithms, highlighting the necessity for locally developed algorithms in highly productive local waters.

Further validation studies are planned, which will use metapixels extracted from the routinely available Coastwatch data in conjunction with BOB derived in-situ reflectance data. These studies, in combination with the data already gathered, will provide a more detailed assessment of MERIS radiometric performance and optimal flagging structure through a wide range of algal assemblage types and biomass levels.
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Figure 21. Radiometric and chlorophyll a validation data for four samples from the Lamberts Bay region from the March/April 2005 field campaign. Graphed reflectance spectra are from the Satlantic H-TSRB (black lines), the Trios sensor pairing on BOB (red lines), a four pixel MERIS mean (blue dots) and a nine pixel MERIS mean (red dots). Remote sensing reflectance is generated from the in-water radiometer measurement using the previously discussed analytical reflectance algorithm to propagate upwelled radiance to the surface.

5. Case Studies on the Event Scale

[image: image56.png]Temperature Januaryl February 2005

12

1"

0

1

8 8
& &
-

Jamog patesbau]

Jamog patesbau]

Jamog patesbau|

Periad [days]



[image: image57.png]standardized data

o0 0

CWT modulus

aras

period {in time unit)

600

04 06 08
Fluorescence Januaryl February 2005

=
S
S

Integrated Power
o
3
3
T

7
Period [days]



HAB focused observation systems are best demonstrated in a multi-sensor, multi-platform paradigm, allowing an appreciation of physical and biological variability from both Eulerian and synoptic perspectives. Several case studies of bloom events are presented here, over time scales of four to sixteen days.

Figure 22. Mooring time series data and MERIS chlorophyll a data showing the detection and wide spatial extent of a bloom of the small dinoflagellate Prorocentrum triestinum from 2nd to 5th April 2004, in the Namaqua shelf region. The bloom appears at the mooring ~ 4 hours after the satellite overpass, as warm high biomass bloom waters are advected shorewards in the easterly surface flow. Satellite chlorophyll a data, derived through an experimental red band algorithm designed for high biomass application, show the widespread and complex distribution pattern of the bloom. Data such as these highlight the need for HAB real time observation systems to utilise both multi-sensor mooring and satellite derived data.
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Figure 23. Real-time multi-parameter data for 18th February to 4th March 2005 collected from the Namaqua mooring, indicating the variable presence of high biomass waters in response to shelf circulation patterns. Note the lengthier residence time of the bloom from ~ 1st March in response to development of the poleward flowing inshore current and more stratified surface waters. A MERIS chlorophyll a image from 2nd Match 2005, calculated using the analytical reflectance algorithm, once again shows the complex bloom distribution pattern along the coast.

Figures 24 to 26 show an evolving bloom in the Greater St Helena Bay region from 30th March to 15th April. This event differs from the previous two in that it occurred during a month long oceanographic field campaign in the area, and there is thus considerably more information concerning variability of the algal assemblage. In addition, the MERIS imagery is 260 m resolution data ordered specifically in support of the field campaign. The advantages of high resolution imagery can be seen in the highly detailed spatial structure of the bloom aggregations, and the effects of shelf circulation patterns.

Figure 24-26 outline bloom formation and movement, using MERIS 709 algorithm derived imagery at three day intervals, in comparison to the Eulerian data of the mooring. Warm inshore waters at the start of the period are dominated by a widespread bloom of the small dinoflagellate Prorocentrum triestinum as shown in the image from 30th March. Note the apparent effects of baroclinic instabilities in this image, as the bloom appears in the form of an amplitude modulated wave along the coast. The effects of southerly wind can then be seen in the reversed northward flowing surface currents and lowered surface temperatures, and appear to result in northwards bloom transport (2nd April). At this stage the bloom begins to be dominated by the large dinoflagellate Ceratium furca, possibly in response to the elevated surface nitrate concentrations resulting from upwelling. The system then re-enters a quiescent phase, seen in southerly surface flows, warmer surface temperatures and greater spatial extent of the bloom (8th April). Renewed upwelling favourable winds then appear to provide another reversal to northward flowing poleward current, and the partial dispersal of the Ceratium furca dominated bloom over a wider shelf area.
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Figure 24. Ongoing development of multiple bloom events in March/April 2005, using 260m full resolution MERIS imagery and data from the Namaqua mooring. The period starts with warm inshore waters with little dominant shelf flow – ideal conditions for widespread bloom development as shown in the image from 30th March. Northward surface currents and lowered surface temperatures indicate the effects of southerly wind and resultant bloom transport northwards (2nd April). The system then re-enters a quiescent phase, seen in southerly surface flows, warmer surface temperatures and greater spatial extent of the bloom.
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Figure 25. Ongoing development of multiple bloom events in March/April 2005, using 250m full resolution MERIS imagery and AVHRR SST data. Note the complex spatial bloom structure including the likely effects of baroclinic instabilities, an inshore poleward and offshore return current corresponding to thermal and biomass fronts, and the upwelling events and Columbine jet current dynamics through period as evidenced by the SST imagery.
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Figure 26. An example of the utility of the different algorithm products in assessment of the April 2005 event. The effective diameter imagery before 5th April indicates the bloom is composed of small cells as confirmed by in-situ data showing dominance by the small dinoflagellate Prorocentrum triestinum. Deff imagery after this time indicates a succession by large cells, in this case the large dinoflagellate Ceratium furca.

6. Web Site Development

The project web site has been registered to the hab.org.za domain and displays real time multi-sensor data from the Namaqua mooring, and the most recently available MERIS, AVHRR and MODIS pseudo true-colour imagery. The site also displays weekly time series of buoy derived data to allow an assessment of the relative change in conditions at the site. Additional content includes educational material on harmful algal blooms in the southern Benguela, tutorials on ocean colour, and HAB related publications for local authors.

In addition, some of the experimental MERIS products discussed above will be made available in near-real time, starting with high biomass chlorophyll estimates from the 709 algorithm. Full operational implementation of the reflectance algorithm products, which are computationally costly, will only be realized once the overflagging issues previously discussed can be resolved. Recent examples of mooring snapshots and satellite data from the site can be seen in Figure 27.
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Figure 27. Web site mooring and satellite data screenshots, 31st January 2005.
7. Training and Capacity Building

Capacity building and training has been implemented at several levels, with the aim of expanding the pool of regional expertise capable of maintaining and utilising HAB observation systems. It is hoped to ultimately provide a sustainable level of expertise, amongst a broad pool of personnel, for operational mooring usage in the region. One of the underlying design concepts of the scientific buoy is the production of a locally constructed, cost-effective monitoring solution based on locally developed technological expertise.

The project has supported two M.Sc students during its operation. Final theses from these students are expected end 2005, and an outline of the expected material is presented in Section 7.1. Miss Alexandra Fawcett, who has been primarily responsible for the technical development of the buoy system, has substantial experience of developing, deploying and maintaining telemetered bio-optical systems around the world, and considerable technological transfer has resulted from her involvement in the project. Miss Christelle Balt has been developing ways of deriving physiological proxies and primary production estimates from remote natural fluorescence measurements – it is hoped such techniques will provide valuable information on algal dynamics in formative bloom stages. The mooring has also formed an important part of the UCT Honours class field campaign training.

Trans-boundary capacity building will take the form of a demonstration of the mooring system to Namibian representatives. The demonstration has been postponed, primarily due to the occurrence of Southern African Marine Science Symposium in early July 2005, and is currently scheduled for August/September 2005. An on-site demonstration has been selected as an intensive and cost-effective means of building the requisite capacity for self-sustained mooring operation in Namibian waters.

The collaborative involvement of M&CM in maintaining and servicing the Namaqua shelf mooring has been essential to project operations. M&CM involvement has resulted in a considerable two-way transfer of knowledge, and has provided a means of directly expanding the local pool of personnel with expertise appropriate to the sustained operation of an operational mooring program.

7.1 Outline of Theses Associated with the Project

7.1.1 Alexandra Fawcett: Development of light weight multi-sensor moorings for the real time monitoring of harmful algal blooms
Rationale:

The west coast of South Africa experiences problems associated with harmful algal blooms that can have negative impacts on commercial and recreational activities in the region. A BCLME project to develop an operational capacity for real-time observations and forecasting of harmful algal blooms in the Benguela Current Large Marine Ecosystem Region has facilitated the development of a light weight multi-sensor mooring for monitoring the development and occurrence of harmful algal blooms in the region. 

Data from the mooring provides detection and early warning of harmful algal bloom events, supplying information to coastal management agencies as well as a long term high frequency research data set providing insight into conditions associated with bloom formation and occurrence. Arising from this BCLME project is a need to document the development of the mooring and systems, along with recommendations for the future development of such systems which will be addressed in this thesis.

The manifestation of harmful impacts of blooms through the toxicity of species or collapse of high biomass blooms are particularly relevant where there is shoreline impact and retention of the bloom and as such it is important to understand the physical processes underlying the transport and maintenance of blooms. The time series data collected by the Namaqua mooring allows the physical processes associated with harmful algal blooms to be studied.

Methods:

Development, maintenance and refinement of a light weight multi-sensor mooring deployed off Lamberts Bay providing high frequency temperature and current profiles through the water column, surface fluorescence and remote sensing reflectance data.  

Time series analysis of the data sets provided by the buoy including the use of wavelet analysis to establish the periods of the signals detected in the data set and the likely underlying physical processes leading to such signals.

Timeline:

January 2004 to August 2005 – development and maintenance of the Namaqua mooring and collection of data from the mooring

March to October 2005 – time series analysis of data from the buoy

October to December 2005 – writing up of thesis

7.1.2 Christelle Balt An exploratory study of sun-induced fluorescence expedient to the remotely sensed optical characterisation of phytoplankton

Aims and objectives

In situ radiometers and satellites are efficacious in the optical detection and monitoring of algae. Within a specified range the water-leaving light spectra provide signatures of fluorescence of chlorophyll a. Fluorescence measurements can be used independently, that is as a purely optical measure of chlorophyll, to assess biomass. Additionally it indicates phytoplankton physiological state, which may help to improve the accuracy of primary production algorithms.

Owing to the receptiveness of phytoplankton to environmental factors, especially the light field, chlorophyll a fluorescence is non-conservative. In an attempt to improve the understanding of algal development and assemblage structure in the coastal ocean the study aspires to analyse fluorescence and its derived variables of data acquired by remote optical sensors.

Principally the study aims to contribute to a BCLME initiative involving the development of operational observation- and forecasting techniques for harmful algal blooms in the Benguela upwelling system. The operation depends on routine access to ocean colour data from a moored system and satellites, and an existing inverse reflectance algorithm that utilises the inherent optical properties of algal assemblages to derive algal size and accessory pigment descriptors.

Moored BCLME instruments provide data paramount to the success of this study. Upward radiance and downwelling irradiance spectra are central to the quantification of fluorescence, and temperature data provides information about the ambient environment of phytoplankton. Algorithm output is necessary input to the fluorescence model.

Key literature and debates

Pivotal investigators in the field of remote sensing of sun-induced fluorescence are Babin, Morel, and Gentili who formulated a model that characterises fluorescence in terms of the optical properties of phytoplankton and consequently describing variations in the quantum yield.

Gower et al inspired a slight departure from the preceding method, which permits an estimation of the fluorescence signal directly from the radiance/reflectance spectra, measured by optical sensors. They proposed a Fluorescence Line Height algorithm for this purpose based on the discernible peak of fluorescence centred near 685nm.

An elemental study performed by Chamberlin and others produced an empirical formula that relates the photosynthetic and fluorescence quantum yields to irradiance, attempting to derive rates of primary production from natural fluorescence. Their results suggested that fluorescence measurements offer a rapid estimation of gross photosynthesis in the sea.

Methods

· Computational development: Fluorescence line height and the fluorescence quantum yield are derived using the aforementioned methods.

· Observation: Field data collection was done at Lamberts Bay. Measurements include absorption and fluorescence spectra, pigment concentrations, radiance and irradiance spectra, and attenuation. Collection times coincided with MERIS overpasses and the relevant satellite images were acquired for analysis.

· Synthesis: Gathered data is used to verify the fluorescence line height- and fluorescence quantum yield models. Furthermore it enables evaluation of the relationship between the fluorescence quantum yield and the photosynthetic yield, permitting the parameterisation of instantaneous primary production.

(Initial results can be found in the progress report.)

Timeline:
The following is an estimated timeline towards completion of the thesis:

1 Aug – 15 Aug 2005: Finalising of data analysis

16 Aug – 31 Oct 2005: Thesis writing

Thesis structure
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8. HAB Observing System Recommendations

8.1 Coastal Moorings and Real Time Observation Systems

Conceptual Framework, Design and Funding

In the coastal environment lightweight moorings offer considerable advantages over traditional large mooring structures. Lightweight moorings are easily serviceable from small boats, allowing cost effective construction, deployment and servicing. In addition, they can be reconfigured or adapted more easily in response to different sampling or site specific requirements. Large moorings are more expensive to construct, and require very costly ship time and larger technical support teams.

The dual buoy tight line mooring system appears to offer a relatively robust and cost effective mooring geometry, with good hydromechnical performance and suitably high visibility. The use of a dedicated marker buoy in addition to a principal scientific buoy allows the use of more visible large navigation lights and a radar reflector, which remain in the water during servicing periods. Whilst the specific geometry of the Namaqua mooring still requires alteration in response to the loss of a second thermistor chain, the mooring geometry still appears the only logistically feasible means of deploying instrumentation such as thermistor chains on lightweight moorings.

The reliability and robustness of the mooring control system is very important and there is significant advantage to adopting locally evolved technology, allowing the capability to customise and manage systems using cost effective regional rather than expensive foreign or national expertise. The Ocean-i system employed on the Namaqua mooring has evolved into a robust, low power system capable of utilising six very different instruments in burst sampling modes, whilst dealing with common problems such as power fluctuations and GSM link brakes. The system has evolved through extensive dialogue with Saturn Solutions and a local ability to reprogram and reconfigure the system as needed. Evolvement of control systems should be ongoing in response to the anticipated demands of differing observation sites – it is hoped to be able to secure funding to develop a lower cost three channel Ocean-i system suitable for more widespread deployment.

It should be accepted that sensor malfunction will occur sporadically given the extremely demanding operating environment – the perfect instrument or battery system does not exist. The maintenance of a single mooring in a full operational mode requires a full duplicate mooring system and sensor suite ready for deployment – accepted best practise in operational mooring networks in Europe and the USA. Expanding to a network of moorings should bring the cost per mooring node down with regard to reserve hardware - established mooring networks such as Go-Moos operate on 1.5 complete sets of mooring hardware per node. This concept is of considerable importance at the inception stage of a mooring project – should a full operational capacity be required, appropriate funding for sufficient redundant hardware should be secured.

Technology and Systems

The hyperspectral radiometric TriOS sensors have shown themselves to be extremely reliable, stable and robust. In addition, the hyperspectral reflectance data they provide offers a cost effective ability to detect algal assemblage changes both intuitively and using more complex reflectance algorithms. They offer data in absolutely calibrated geophysical variables, and additionally provide a capacity for making high frequency ocean colour satellite validation measurements.

Simple algal fluorometers are cost effective, robust and sensitive, and provide a relative measure of absolute algal biomass – of great use in time series analyses. However the data they provide is compromised by the effects of photoinhibition and the difficulties of converting data into absolute geophysical units. Combined fluorescence/backscattering meters, such as the Hobilabs HS2 or the WetLabs bb2f, offer signals (backscattering at two wavelengths) unaffected by physiological response  in addition to the fluorescence signal . It is suggested that future buoy systems utilise these combined instrument types rather than simple fluorometers.

Thermistor chains are relatively cheap and offer very useful data on water column structure and stratification – such data are of great utility in assessing the environmental conditions associated with HAB events. However these instruments are the most vulnerable part of the current mooring setup, and mooring geometry needs further evolvement to minimise risk to the instrument.

ADCPs provide data essential to the better understanding of circulation patterns and bloom physical forcing mechanisms. The RDI instrument currently used on the Namaqua mooring has shown itself to be extremely reliable and robust, and ADCPs offer additional advantages over conventional current meters in that they are insensitive to biofouling. However an ADCP, whether surface or bottom mounted, cannot provide current data for the top 5 m of the water column: these data are potentially critical to understanding local wind driven circulation and bloom transport mechanisms. There is thus a need for the inclusion of a surface acoustic current meter, in addition to the current ADCP, to allow measurements of surface currents. There is a concomitant need for meteorological information, particularly given the perceived importance of wind stress variability over small spatial scales. A combined instrument system has been identified as a Nortek Aquadopp interfaced to a RM Young anemometer – this system would offer surface currents, and wind velocity and direction at an estimated cost of ~ ZAR 60K. By the same token there is a need to ensure availability of land based wind and pressure data from automatic weather stations – such data are very important to integrated observation and forecasting systems and greatly increase the value of buoy in-water measurements.

Recent data from the current scientific buoy during winter operations indicate that with decreased insolation, increased cloud cover, and reduced daylight hours photovoltaic recharging is not sufficient for sustained self-sufficiency, and the buoy can operate for approximately three-four weeks before suffering power shortages. Given the current efficiencies of commercially available solar panels, it is not feasible to provide enough power in winter through photovoltaic means without compromising the hydromechanical performance of the scientific buoy. In the short term this can be worked around by increased servicing frequency – a longer term solution in the form of an additional miniature wind generator is currently being investigated.
Maintenance and Servicing

There is a need to realise that mooring servicing and maintenance should be given as much funding priority as initial hardware costs. Bio-optical and biological sensors require short servicing intervals to maintain data quality (3-4 weeks maximum). In addition the mooring itself (lines, marker buoys etc) require extensive out of water servicing approximately every six months as hydro-mechanical performance and thus mooring safety becomes threatened by bio-fouling after this period.

Operational mooring operation requires that mooring support and servicing team(s) should be able to respond to events such as sensor failure at very short notice. In addition to the need for redundant hardware systems (as discussed above), there is thus also a need for appropriate structure regarding mooring servicing personnel. Mooring servicing on an operational basis will require an expansion of current servicing facilities, with regard to both vessel, vehicle and personnel availability. There is no doubt that data has been lost from the current Namaqua mooring simply because the single servicing team available has not been able to respond immediately to known sensor or power failures due to other unavoidable commitments.

It is thus suggested that the most pragmatic approach to operational servicing is the formation of a coalition of personnel, with a communal vested interest in mooring maintenance and appropriate expertise and access to required resources (vessels and vehicles). The ability to draw on the resources on any of several vessels, skippers and buoy technicians at any given moment should ensure the ability to form a mooring servicing team at short notice, whilst easing demand on individual personnel or a particular resource. The coalition approach may also ease funding requirements through in kind contribution and partial funding of associated servicing personnel. It is suggested that the formation of a Coastal Mooring Working Group is a suitable first step in establishing such a coalition, and will allow a cohesive communal approach to mooring deployment and maintenance amongst the broader southern African marine science community. Whilst such a communal approach is feasible in South Africa, the relatively smaller personnel pool that can be drawn upon in Namibia may be prohibitive. Namibian mooring deployment plans may be better served by initially placing moorings at sites regularly serviced during routine scientific operations e.g. on routine transect stations.
8.2 Satellite Remote Sensing Observations

The MERIS sensor has shown itself to be of great value to HAB monitoring, providing data of a high radiometric accuracy with wavelength bands of particular utility to high biomass waters. High resolution 260 m resolution data, whilst not currently available in near real-time, are of particular value to HAB application when such data are available. It is extremely important that future access to near-real time MERIS data is secured, and the flagging issues that have prevented full utility of these data to date are resolved. It should be noted that these issues are predominantly bureaucratic, in that it is simply a matter of convincing the current data providers to provide data in such a way that local users can determine flagging policy. Efforts are being made to resolve these issues, and address the need for continued data reception, through attendance at the September 2005 MERIS workshop in Italy followed by meetings with representatives of the ESA and ACRI.
The orbital geometry of the Envisat satellite (the platform for MERIS) allows at best two images every three days; realistically one useable image every three days can be expected. There is thus an urgent need for routine access to data from the MODIS sensor to allow greater sampling frequency through multi-platform data access. The Remote Sensing Unit at UCT is in the process of setting up routine MODIS processing - additional support is however needed to ensure the routine operational provision of HAB oriented products.

Sea surface temperature and wind data are the two most important ancillary remotely sensed products. AVHRR data is currently provided by the UCT remote sensing unit, whilst QuikScat wind data are freely available. Efforts should be supported to establish operational use of the Envisat AATSR (offering concomitant SST data to MERIS), and the Meteosat Second Generation – a geostationary satellite offering SST data at fifteen minute intervals.

9. Future Outlook
The project has successfully demonstrated the combined use of multi-sensor coastal moorings and satellite data for HAB detection, and provided locally evolved systems for HAB focussed coastal mooring systems. It is important that the considerable gains made by the project are at least maintained, if sufficient funding cannot be found to fully capitalise on them. It is likely that the South African Department of Science and Technology, through the Marine and Coastal Management administered Frontier programme, will provide the facility to at least minimally maintain the Namaqua mooring and further underwrite HAB oriented satellite data provision and development. This can be considered a very positive step, not least in that it coheres with LME goals of encouraging government buy-in to LME sponsored resource and capacity development.

Nevertheless the gains made by the project remain but a small step towards providing an operational HAB observation and forecasting system: the integrated components of an early warning system. The observing system currently consists of a single mooring with insufficient funding to run in an operational manner, and partial satellite coverage – for one area within the Benguela Current Ecosystem. The requirements for establishing a HAB forecasting system, using the southern Benguela as an initial demonstration area, have been recently been considered in some detail [Bernard et al 2005, Pitcher et al 2005]. There thus is considerable scope for developing a more effective and sophisticated operational forecasting system than the partial observation system in place; a schematic outline is presented in Figure 28. The scientific reasoning underlying such a system has been considered in some detail, a system structure has been outlined, the necessary expertise and personnel are largely available, and the topic is the subject of much national and international attention and enthusiasm. It is therefore vital to maintain and gather momentum concerning the construction of such a system, and urgent attention should be given to securing the necessary funds to begin the implementation of local HAB forecasting systems. The most important components of this system are: sufficient multi-sensor moorings maintained appropriately, the routine availability of HAB oriented remote sensing products, the ability to use these observational data with appropriate hydrodynamic and ecological models, and the integration of these components into a real-time forecasting system. 
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Figure 28. Schematic of a harmful algal bloom early warning and integrated forecasting system for the southern Benguela.
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12. Notation

ACRI 
Mecanique Des Fluides Observation De La Terre  Sciences De L'Environnement 

ADCP

Acoustic Doppler Current Profiler

AVHRR
Advanced Very High Resolution Radiometer

BOB

Benguela Optical Buoy

BOMB

Benguela Optical Marker Buoy

BOKKOM
Name of the first phase mooring
GSM

Global System for Mobile Communications
GPS

Global Positioning System

HAB

Harmful Algal Bloom

HSCSD
High Speed Circuit Switched Data

M&CM

Marine and Coastal Management

MERIS

Medium Resolution Imaging Spectrometer

MODIS
Moderate Resolution Imaging Spectrometer

SCUFA
Self Contained Underwater Fluorescence Apparatus

UCT

University of Cape Town

Appendix I

Data Report

All mooring data from BCLME sponsored instrumentation gathered by the project are presented on the DVD accompanying this report. Data format is described below, and the data logs from both first and second phases of the mooring are presented.

Data Format

Data collected from the instruments are stored on the Ocean-i data logger in binary format as this is the most space efficient way of saving data. When data is downloaded from the data logger these files are converted to Ocean-i ASCII files in which the data are stored as ASCII hex characters and can be viewed with the Ocean-i console software. The console software can then be used to convert files to a Matlab format which are space delimited ASCII files that can be read into Matlab, EXCEL or other software. When the files are converted to this format the raw radiometer data is calibrated using the calibration files supplied with the instruments and an immersion factor is applied to the radiance sensor data to account for measurement in water. Converting the data to Matlab format produces a header file and two radiometer files for each day.

These files are named B1_ followed by the date and time of the first line of data in the file (B1_yyMMddHHmm where yy is the last two digits of the year, MM is the two digits of the month, dd is the two digits for the day, HH is the hours using 24 hour clock notation and mm is minutes) with a file extension relating to the instrument or type of file.

Header files have an extension .hdr (e.g. B1_0507260000.hdr for a header file for the 26th July 2005 with the data in the file starting at 00:00)

Irradiance sensor files have an extension .8136

Radiance sensor files have an extension .8122

Each file has a row of header data followed by the data for each acquisition. Missing data or nighttime data for the radiometers is filled with –1.

The file format is as follows:

Header file – B1_...hdr

	Header
	yy
	mm
	dd
	hh
	mm
	ss
	tilt
	roll
	depth
	power

	Data
	Year
	Month
	Day
	Hour
	Minutes
	Seconds
	Tilt from radiance sensor
(degrees)
	Roll from radiance sensor

(degrees)
	Depth from pressure sensor
(metres)
	Battery power 
(volts)


Radiometer file – B1_...8136 or B1_...8122

	Header
	0
	0
	0
	0
	0
	0
	0
	0
	Wavelength 1
	…
	Wavelength n

	Data
	Year
	Month
	Day
	Hour
	Minutes
	Seconds
	Radiometer serial number
	Integration time
(milliseconds)
	Radiometer data at wavelength 1
	…
	Radiometer data at wavelength n


Radiometer data are in units of mW/m2/nm/sr for radiance data and mW/m2/nm for irradiance data

Bokkom Log: Namaqua Mooring First Phase

	Date
	Time
	Notes

	28/02/04
	11:30
	Bokkom deployed on mooring 

	02/03/04
	
	Bokkom turned upside down on mooring. Taken back to shore to repair. SCUFA removed from buoy.

	06/03/04
	10:25
	Bokkom deployed on mooring 

	18/03/04
	13:15
	Bokkom retrieved from mooring

	19/03/04
	08:30
	Bokkom deployed on mooring 

SCUFA now on buoy.

	01/04/04
	07:30
	Bokkom upside down on mooring, retrieved and taken ashore.

	02/04/04
	09:10
	Bokkom redeployed on mooring 

New weight configuration.

	03/04/04
	
	Dial in from Cape Town. Data logger often loses time and resets to 01/06/99 12:00 due to removal of damaged GPS

	07/04/04
	17:30
	Bokkom retrieved from mooring

Main mooring appears to be sinking, light only just visible above water surface.

	21/04/04
	10:45
	Bokkom redeployed on mooring 

Divers clean fouling off main mooring which was causing it to sink.

	23/04/04
	
	Dial into buoy from Cape Town. No thermistor data.

	17/05/04
	16:00
	Bokkom retrieved from mooring for routine servicing. Thermistor chain has gone, possibly became wrapped around main mooring line

	18/05/04
	14:20
	Bokkom deployed on mooring 

	26/05/04
	15:15
	Bokkom retrieved from mooring 

	28/05/04
	09:30
	Bokkom redeployed on mooring 

	17/06/04
	
	Bokkom suffered irreparable damage.


BOB Log: Namaqua Mooring Second Phase

	Date
	Time
	Notes

	26.01.05
	09:15
	BOB deployed on mooring

	14.02.05
	
	Pressure sensor data reading incorrectly

	16.02.05
	
	SCUFA giving high readings relative to radiometer data – treat fluorescence data with caution

	23.02.05
	12:45
	BOB retrieved from mooring for servicing

	24.02.05
	
	Field calibration of radiometers

	
	10:45
	BOB deployed on mooring

	15.03.05
	11:00
	BOB retrieved from mooring for servicing – no data collected since 14:30 07.03.05 due to battery failure.

Field calibration of radiometers

	17.03.05
	10:00
	BOB deployed on mooring

	18.03.05
	10:30
	BOB retrieved from mooring – battery pack failed

	19.03.05
	10:25
	BOB deployed on mooring

	05.04.05
	11:30
	BOB retrieved from mooring – pressure sensor and GPS removed from BOB as not operational.

Field calibration of radiometers

	06.04.05
	11:10
	BOB deployed on mooring

	11.04.05
	
	Thermistor chain giving missing or incorrect values

	04.05.05
	08:45
	BOB retrieved from mooring – thermistor chain caught on landward mooring line

	05.05.05
	12:35
	BOB deployed on mooring. Divers retrieve thermistor chain. 

Temporary thermistor chain deployed with recording temperature sensors – no live temperature data available.

	30.05.05
	
	Unable to dial into BOB – suspect power problem

	09.06.06
	11:30
	BOB retrieved from mooring

Trawl floats either side of mooring sinking due to fouling.

Battery voltage 6.4V – appears that solar panels cannot charge battery sufficiently during winter.

Replace batteries

	10.06.05
	13:10
	BOB deployed on mooring

	13.06.05
	
	Tilt and roll sensor appears to be stuck and giving continuously high readings

	23.06.05
	
	No data from ADCP

	11.07.05
	
	Time seems to have been resetting continuously and no data – suspect power problem

	21.07.05
	15:00
	BOB retrieved from mooring

ADCP battery voltage too low to power ADCP

Radiometers removed for servicing and calibration

Mooring needs attention as sinking due to fouling and not possible to service from small boat.


Appendix II

In kind support and value additions

Marine and Coastal Management

RDI Sentinel 300 ADCP (moored instrument)


ZAR
   300,000

Turner Designs SCUFA (moored instrument)


ZAR
   160,000

Apprise Technologies Templine Thermistor Chain


ZAR
     70,000

Estimated boat time and logistical support



ZAR
   150,000

Oceanography Department, University of Cape Town

Apprise Technologies Templine Thermistor Chain


ZAR
     30,000

Estimated diver time and logistical support



ZAR
     25,000

Estimated support from Remote Sensing Unit


ZAR
     20,000

Saturn Solutions, UK (John Cheriton)

Communications and software development



€
       5,000

MTN (South Africa)

MTN have offered a great deal of technical support, including sending an engineering team into the field during initial deployment to make local GSM upgrades. MTN have asked for a sponsorship submission and are currently considering material sponsorship of the project.

Total Estimated In-kind support
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Figure 16. Explanation of fluorescence line height derivations
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