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Executive summary 
 

The object of this study has been to develop a remote sensing method to estimate the relative proportion 
of cyanobacteria in plankton populations in Lake Winnipeg.   In previous studies, I tested various remote 
sensing algorithms for determining total chlorophyll biomass of the plankton population in the lake.  
These studies resulted in successful validation of the fluorescence line height (FLH) index as a measure of 
chlorophyll in Lake Winnipeg, using either MODIS or MERIS data recorded by American and European 
satellites respectively.  These studies also suggested that precision of these algorithms would benefit from 
some ability to discrimination among phytoplankton taxa.  Cyanobacteria, in particular, were shown to 
vary inversely with FLH, while other major communities varied positively. 

In this study, I show that a multiple regression on band ratios constructed from seven MERIS spectral 
bands explains 63% of the variance of cyanobacteria biomass expressed as a fraction of total biomass, and 
predicts the cyanobacteria fraction with a standard error of 0.15.  This result is based on a multi-year, 
multi-season set of paired surface reflectance data paired with fluorescence determinations of the 
cyanobacteria fraction in plankton.  I include in the report several maps of cyanobacteria and of total 
chlorophyll biomass and discuss the significance of coincident and differing patterns in the two map sets.  

Data collected in the course of this and prior optical work on Lake Winnipeg are stored on several DVDs 
accompanying this report.  Data attached includes all analytical results currently available for water 
quality observations by the Department of Fisheries and Oceans on Lake Winnipeg from 2002-2007.  
Observations have been assigned geographical coordinates from the GPS record and files have been 
merged with algal taxonomic counts made by Algal Taxonomy and Ecology Inc. under contract to either 
the Department of Fisheries and Oceans or to the Centre for Earth Observations Science.  Also filed on 
accompanying DVDs are data from all fluorescence measurements and estimates of major taxonomic 
distributions using Algal Online Analyzers on cruises of the Namao on Lake Winnipeg in 2003, 2004 and 
2007, and surface spectral reflectance data recorded using field spectrometers in 2002, 2003 and 2004. 
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Introduction 
 

This report is in fulfillment of a contract with the Department of Fisheries and Oceans (Institute of Ocean 
Sciences, Nanaimo)  assemble and collate water quality, taxonomic and optical data collected on Lake 
Winnipeg from 2002 to 2007, to retrieve and archive MODIS and MERIS satellite images recorded over 
Lake Winnipeg over the same period, and to use these extensive optical and in situ water quality database 
to test for a remote sensing capability to distinguish cyanobacteria from other taxonomic groups in the 
plankton community of Lake Winnipeg.   

In partnership, the Centre for Earth Observations, University of Manitoba and the Canadian Department 
of Fisheries and Oceans (Mike Stainton, Freshwater Institute, Winnipeg) have recorded over 300 
observations of reflectance spectra over Lake Winnipeg matched with simultaneous determinations of 
chlorophyll, total suspended solids concentration (SSC) and dissolved organic matter (DOC), and, after 
exclusion of problematic data, over 250 observations of surface reflectance spectra matched with 
observations of plankton fluorescence suitable for distinguishing cyanobacteria from other plankton. 

Plankton biomass and taxonomic classifications by visual (microscope) counts have been completed on a 
subset of these observations.  These data represent all three major optically-defined regions of the lake 
(high inorganic turbidity; clear/frequent blooms; high DOC/variable inorganic turbidity) in three season 
(soon after ice-out, mid-summer, late autumn).   

 

Geographic features of the study region 
 

Data analyzed in this report were collected in Lake Winnipeg, Manitoba.  Figure 1 shows the major 
basins of the lake and place names mentioned in the text of this report.  Lake Winnipeg has a diverse 
optical geography.  The South Basin and Narrows region and sometimes the east shore of the North Basin 
– regions with maximum depths under 12 m – are often turbid, with suspended solids concentrations 
(SSC) ranging from 20-60 g m-3 (Figure 2).  In the remainder of the North Basin, inorganic suspended 
solids (tripton) only occasionally exceed 5 g m-3.  In this central and western part of the North Basin, 
where light is less likely to be limiting to plankton productivity (at least in the absence of cyanobacteria 
blooms) widespread plankton blooms have historically developed (e.g. bright green in Figure 3).  Water 
near the mouths of tributary rivers draining from the Precambrian Shield, to the east, is often coloured a 
rich red-brown, with dissolved organic carbon concentrations (DOC) of 1000-1200 mg m-3 (Figure 3).  
Away from the river mouths, DOC of 400-600 mg m-3 is typical.   
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Figure 1.  Base map of Lake Winnipeg and region, showing locations mentioned in this report.  

 

 

Plankton community distributions 
 

T The geography of the plankton community in Lake Winnipeg is largely determined by spatial patterns 
of turbidity and how they relate to distributions of nutrient loading from its watershed.  Over half of the 
phosphorous and nitrogen load to Lake Winnipeg arrives is delivered to the South Basin by the Red and 
Winnipeg Rivers.  However, the Red also delivers by far the largest suspended sediment load to the lake.   
Moreover, the South Basin is relatively shallow, with maximum depths of the order of 11 m, and bottom 
sediments are frequently re-suspended by wind action (McCullough, Cooley and Hochheim, 2001; see 
Figure 2).  Consequently, although carbon, nitrogen and phosphorous are all higher in the South Basin, 
phytoplankton productivity has not been.  In fact, major phytoplankton blooms have until recently been 
associated with the deeper, clearer North Basin (Figure 3).  Re-suspension of bottom sediments continues 
to play a role in the southern North Basin; the southern limit of intense green in Figure 3 coincides 
roughly with the 14 m isobath in the lake.  In recent years, however, perhaps due to the increasing 
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dominance of cyanobacteria, which float and compete well in nutrient-rich,  turbid shallow lakes, 
plankton blooms have been appearing in the South Basin with increasing frequency. 

The plankton species distribution is marked by seasonal succession.  Indeed, differences among the 
spectral signatures of different plankton assemblages complicate the determination of chlorophyll 
biomass by MERIS and MODIS.  Consequently, the succession is described here – in general for 2002-
2004, and in particular for 2003, from which year much of the data for this study will be selected.   

June populations are typically dominated by bacillariophytes and cryptophytes, with subordinate 
populations of chrysophytes and chlorophytes (Figure 4).  Cyanobacteria are rare in June, but they 
frequently dominate the phytoplankton population by mid-July to early August, when they are found in 
association with cryptophytes and chlorophytes,  In warm summers, they often attain near-monoculture 
status.  Bacillariophyte populations may increase again when the lake begins to cool in autumn, although 
cyanobacteria may remain dominant through into late autumn in parts of the lake.  Chlorophytes tend to 
persist into autumn as the main sub-dominant group.   

In the spring of 2003, individual samples were variously dominated by bacillariophytes, cryptophytes and 
chrysophytes, and in one sample, by cyanobacteria, with no distinct differences between the major basins 
of the lake.  By August, different distributions had developed between the basins.  In the South Basin and 
central part of the lake in August 2003, in a few samples cyanobacteria comprised over 90% of the 
biomass, but other samples were 70-90% cryptophytes and/or chlorophytes.  In the North Basin in the 
same mid-summer sample set, most samples were near-monocultures of cyanobacteria, chiefly 
Aphanizomenon flos-acquae.   By autumn, bacillariophytes dominated the North Basin, and comprised as 
much as 90% of biomass in some samples.  However, in the South Basin, although cyanobacteria still 
dominated most samples, other taxa, in particular chlorophytes, were well represented. 
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Figure 2.  Spatial distribution of SSC in Lake Winnipeg.  Statistics are based on a series of mid-summer maps 
for the period 1985-2000.   SSC was mapped using AVHRR Channel 1 data with an empirical regression 
relationship developed using in-situ Lake Winnipeg data (McCullough et al. 2001). 

 

 

Figure 3.   True-colour rendition of MODIS (RGB=1,4,3) data for Lake Winnipeg recorded at 14:25 16 May 
2005 (left) and 12:35 CDT 29 August 2005 (right) showing regions of relatively clear or plankton-rich waters 
(dark and green, respectively), more turbid waters (lightest yellowish-brown indicating highest mineral 
suspended solids concentrations) and local regions with high dissolved organic carbon concentrations (dark 
reddish brown, mostly near river mouths along the east shore).   Source:  MODIS Rapid Response System, U. 
Maryland.  
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Figure 4.  Fraction of major plankton phyla present in counted samples.  Location by major lake basins is 
indicated for 2003 data (SB=South Basin and Narrows Region; NB=North Basin, north of Berens Island).  
Major taxonomic groups not shown rarely comprised more than 10% of the plankton biomass.  (Data from 
microscopic counts by H. Kling of Algal Taxonomy and Ecology Ltd.) 
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Fluorescence line height in cyanobacteria and bacillariophyte spectra 
 

Previous work towards developing chlorophyll algorithms from Lake Winnipeg appear to have been 
limited by differences in the reflectance spectra of cyanobacteria compared to other plankton groups in 
Lake Winnipeg, and by the highly variable vertical stratification of cyanobacteria compared to these other 
groups (McCullough 2006).  This problem was investigated more thoroughly in a subsequent study 
(McCullough 2007) of the comparative capabilities of two satellite-borne water sensors with multispectral 
water colour analysis capabilities, MODIS (NASA’s MODerate resolution Imaging Spectroradiometer) 
and MERIS (European Space Agency’s MEdium Resolution Imaging Spectrometer).  In the latter report 
it was demonstrated that the fluorescence line height (FLH) calculable using data from either sensor and 
used for chlorophyll determination, responds differently in the presence of cyanobacteria than in the 
presence of other major plankton assemblages in Lake Winnipeg.  The following is a brief summary of 
that discussion. 

The three bands defining the FLH peak and baseline are designed to measure the chlorophyll-a 
fluorescence peak at about 685 nm that is commonly used in oceanographic/limnologic fluorometers 
designed to estimate phytoplankton concentration. In marine waters, fluorescing radiation has been shown 
to be superimposed on surface reflectance spectra as a small peak measurable at 681 nm (MERIS FLH 
wavelength) or 678 nm (MODIS FLH wavelength) (e.g. Gower et al., 1999).  Fluorescence is measured 
as a deviation from the local slope in the reflectance spectrum, where in MERIS and MODIS the slope is 
defined by reflectance measured in narrow bands on either side of the fluorescence peak.   

Unfortunately, reflectance spectra characteristic of one of the dominant plankton groups in Lake 
Winnipeg, the cyanobacteria, exhibits a minor peak at 650 nm and a strong minimum at 675 nm that 
together dominate the spectral pattern in the region examined by the FLH technique.  This problem is of 
particular concern on Lake Winnipeg, where a second dominant group, the bacillariophytes (usually in 
combination with chlorophytes and crytophytes) do appear to conform to the superimposed fluorescence 
peak pattern.  Figures 5 and 6 show reflectance spectra recorded over near monocultures of 
Aphanizomenon flos-aquae compared with reflectance spectra recorded over mixed bacillariophyte-
cryptophyte populations.  In neither case of   spectra did the plankton form surface mats. For 
Aphanizomenon flos-aquae, the spectral pattern between 665 and 709 nm shows a local minimum at 675-
680 nm determined by the two reflectance peaks to either side, at roughly 650 nm and again at 700-705 
nm.  The latter is well known and explained by locally increasing (with increasing wavelength) 
chlorophyll reflectance eventually overcome by locally increasing water absorption (e.g. Gower et al. 
2005). 

As illustrated in Figures 5 and 6, the MERIS peak at 681 nm with baseline definition at 665 and 709 nm 
returns positive FLH for bacillariophyte-cryptophyte but negative FLH Aphanizomenon.  For 
Aphanizomenon, FLH is smaller (more negative) at the higher chlorophyll concentration (31.2 mg m-3 
compared to 7.3 mg m-3, Tables 1 and 2).  Increasingly negative FLH with increasing cyanobacteria 
concentration is readily explained by the position of the FLH band between near the phycoeritherin 
absorption peak characteristic of absorption spectra of both Aphanizomenon flos-aquae and Anabaena sp.; 
local fluorescence is overwhelmed by phenomena determining the general reflectance spectrum 
(McCullough 2007).  This inverse relationship does not appear to carry through to the  bacillariophyte-
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cryptophyte assemblages.  Since these communities dominate the plankton community in the lake until as 
late as early July, regression slopes dominated by the more intensely concentrated mid- to late summer 
cyanobacteria assemblages are unlikely to predict the spring bacillariophyte-cryptophyte concentrations 
particularly well.   
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Figure 5.   Spectra showing typical shapes for cyanobacteria-dominant and bacillariophyte-dominant 
plankton communities (95% Aphanizomenon flos-aquae on 8 August 2003, and 85% bacillariophytes – 
predominantly Stephanodiscus niagarae  – with 5% cryptophytes, 4% chlorophytes on 23 September 2003).  
MODIS and MERIS spectral bands indicated on upper and middle panel respectively. MERIS FLH baselines 
indicated in lower left panel; MCI baselines shown in lower right. 

 

Table 1.   In situ water quality data associated with the two spectra in Figure 5, above.  (DOC, chl and HPLC 
chl a in mg m-3, SSC and tripton in g m-3).  

Time DOC Chl HPLC chl a SSC Tripton 
2003 Aug 08 12:00 679 31.2 29.4 1 0.5 
2003 Sep 23 15:00  12.0 8.6 4 0.5 
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Figure 6.   Spectra showing typical shapes for cyanobacteria-dominant and bacillariophyte-dominant 
plankton communities (99% cyanobacteria – predominantly Aphanizomenon flos-aquae with minor 
Pseudanabaena limnetica and Anabaena spp. – on 6 August 2003, and 82% bacillariophytes – predominantly 
Aulacoseira islandica and Aulaoseira ambigua – with 14% cryptophytes – predominantly Cryptomonas spp. –  
on 11 June 2003).  MODIS and MERIS spectral bands indicated on upper and middle panel respectively.  
MERIS FLH baselines indicated in lower left panel; MCI baselines shown in lower right. 

 

Table 2.   In situ water quality data associated with the two spectra in Figure 6, above.  (DOC, chl and HPLC 
chl a in mg m-3, SSC and tripton in g m-3).  

Time DOC Chl HPLC chl a SSC Tripton 
2003 Aug 06 11:23 773 7.3 5.1 4 0.5 
2003 Jun 11 18:21 788 8.3 4.5 5 1 
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Methods 
 

In situ data used in this analysis was collected in the course of research funded by the Canadian Space 
Agency under a Canadian Space Plan Proposal to the Earth and Environment Applications Program, 
2002/03 to 2004/05 CSP Application Area:  1.3.5 Marine Environment: Inshore and Coastal.  The data 
collection program and field and laboratory analytical methods  employed are described in the report 
“Chlorophyll Mapping using MODIS/MERIS imagery over Case 2 Waters, Lake Winnipeg”, submitted 
to the Canadian Department of Fisheries and Oceans (McCullough, 2006).  These methods are described 
in brief below. 

In situ  water quality samples and observations, plankton samples and optical data were collected from on 
board the Canadian Coast Guard Ship Namao on Lake Winnipeg during a series of whole lake surveys 
from 2002 to 2007.  The Namao was used to complete numerous short missions in the South Basin of 
Lake Winnipeg, operating out of Gimli harbour, and on three whole Lake Winnipeg surveys each year, in 
May/June, July/August and September/October  or October/November in 2002-2004 and 2006-2007 and 
in one cruise September/October in 2005.  Data specifically for the Canadian Space Agency project were 
collected in conjunction with broader limnological surveys undertaken by the Department of Fisheries 
and Oceans, Environment Canada, Manitoba Water Stewardship and the University of Manitoba 
(Department of Biology, and the Centre for Earth Observations Science, Department of Environment and 
Geography, University of Manitoba).  This analysis of the relative capabilities of MERIS and MODIS 
optical data to predict chl and chl a in Lake Winnipeg depends in particular on a database of in situ water 
quality data maintained by Mike Stainton of the Freshwater Institute, Winnipeg (Department of Fisheries 
and Oceans). 

Plankton taxonomy data used in this study was provided by Hedy Kling of Algal Taxonomy and Ecology, 
Limited, of Winnipeg Manitoba.  Microscope counts were in part funded by the Canadian Space Agency 
under the project mentioned above.  Ms. Kling has kindly provided additional taxonomic data for this 
study. 

Locations of the standard limnological stations and the track of a typical whole lake cruise are shown in 
Figure 7.   
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Figure 7.  Distribution of standard stations (left).  Sample CCGS Namao cruise track (31 July-17 August 
2003).  Blue:   continuous chlorophyll fluorescence, turbidity and temperature data.  Red:  also with optical 
spectral reflectance data and samples for TSS, tripton, DOC, chlorophyll, HPLC analysis at 20 min intervals 
when under clear sky.  

 

Water quality parameters 
 

Water samples at standard stations were taken from the upper metre of the water column using a van 
Doorn sample bottle.  Water samples taken while underway were pumped to the deck for an intake 
located just forward of the ship’s bow (Figure 9 and 10, below).  The intake was held roughly 0.1-0.3 m 
below the surface of the lake.  The actual depth varied with wave conditions.  Pumped water samples 
were collected at roughly 20 min. intervals when we enjoyed clear-sky conditions, and at irregular 
intervals when sampling under less optically ideal conditions.  At a typical cruising speed of 20 km.h-1, 
under ideal conditions, water quality samples were collected at 6-7 km intervals. 

In summary, the in situ data available for studies related to optical remote sensing of water colour-related 
parameters in the lake are: 

• water samples from approximately 60 standard stations and periodic water sampling 
while underway by pump from forward of the ship’s bow wave analyzed for 
chlorophyll  biomass (chlorophyll analyzed by gross fluorescence = chl, and 
chlorophyll-a analyzed by high performance liquid chromatography = chl a), 
suspended solids (total suspended solids concentration = SSC, and inorganic solids 
concentration = tripton) and dissolved organic carbon (DOC) concentrations.  
Numerous samples were analyzed microscopically for taxonomic distributions, 
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• in vivo chlorophyll biomass and major taxonomic groupings estimated by Algal 
Online Analyzer at 5 minute intervals in water pumped from foreword of the ship’s 
bow wave.  The Algal Online Analyzer (manufacturer:  bbe-Moldaenke, Kiel-
Kronshagen, Germany) records fluorescence at 5 excitation wavelengths and 
converts these data to estimates of chlorophyll biomass and selected taxonomic 
groupings.  In this study, I rely on the manufacturer’s coefficients for estimation of 
chlorophyll biomass, corrected to chl a using matched in situ Lake Winnipeg chl a 
data as described later in this report, 

 

• taxonomic classifications of the plankton community by microscope counts, of 
samples collected during various whole lake cruises, paired with in situ water 
quality, Algal Online Analyzer and/or shipboard spectral reflectance data, 

 

• measurements of downwelling and water-leaving spectral radiance and reflectance using and 
Analytical Spectral Devices field spectrometer.  Data were recorded semi-continuously (both at 
standard stations and associated with in situ samples taken while underway) from a sensor located 
4 m foreword of the ship’s bow. 
 

• In 2007 only, measurements of in situ spectral absorption and scattering using either a WetLabs 
ac9 or WetLabs ACS instrument.  The AC9 measures absorption and scattering of light at 9 
wavelengths of the visible spectrum; the ACS measures continuous spectra of absorption and 
scattering in 512 narrow wavelength bands between 400-700 nm.  Data were recorded in-line 
with flow through the Algal Online Analyzer  

 

Analytical methods for laboratory determinations of chlorophyll by gross fluorescence method (chl), 
chlorophyll-a by HPLC method (chl a), suspended solids concentration (SSC), tripton and dissolved 
organic carbon (DOC) are described by Stainton et al., 1977.  Plankton taxonomic data mentioned in this 
report were determined by microscope counts. 

 

Plankton fluorescence data 
 

In situ plankton fluorescence data used in this study were determined using a Algal Online Analyzers 
(AOA) manufactured by Bbe Moldaenke GmbH (Kiel-Kronshagen, Germany).  AOAs were used as a 
flow-through instruments on the summer and autumn cruises of the Namao in 2003, and briefly on a 
summer cruise in 2004.  In 2003, the instrument used was leased by the Department of Fisheries and 
Oceans (DFO) and operated by Mike Stainton of DFO at the Freshwater Institute, Winnipeg.   The 
instrument used in 2004 was owned by the University of Waterloo and operated by Margaret Squires of 
the University of Waterloo Biology Department.  Ms. Squires generously provided her AOA data for use 
in this study.  An AOA has since been used on spring, summer and autumn cruises on Lake Winnipeg in 
2007.  However, no matched spectral reflectance data were collected on these cruise.  
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Water collected while underway, from near-surface ahead of the ship bow wave as described above, was 
passed to the AOA instruments for fluorescence measurements.  In 2003, observations were recorded on 
the two cruises at 5 minute intervals.  In 2004, observations were recorded at 1 minute intervals. 

In a previous study of AOA data recorded on Lake Winnipeg, I developed and tested equations for 
fluorescence determination of total chlorophyll-a biomass, and for biomass of cyanobacteria and 
bacillariophyte-dominant phytoplankton communities.  Results from this study are described in 
McCullough (2007).  The theory of the instrument is described briefly below. 

Software provided with the Algal Online Analyzer outputs of total chlorophyll biomass and separate 
chlorophyll biomasses of four major taxa:  bacillariophytes, cyanobacteria, cryptophytes and 
chlorophytes.  This default output is estimated by multiple regressions on fluorescence of laboratory 
cultures using five excitation wavelengths:  470, 525, 570, 590 and 610 nm.  Sample excitation 
fluorescence spectra supplied by the manufacturer are shown in Figure 4.  (The Algal Online Analyzer 
records fluorescence emitted at a single fixed wavelength of 680 nm.)   Notably, the greatest contrast is 
between bacillariophytes and cyanobacteria, two dominant taxa in Lake Winnipeg.  Bacillariophytes 
fluoresce most strongly in the response to blue and green light and less strongly in response to red light; 
cyanobacteria show the opposite pattern (Figure 4).   

McCullough (2007) compares both the chlorophyll biomass output based on the manufacturer’s 
calibration and biomass estimates that were generated by regression with Lake Winnipeg in situ data with 
chlorophyll biomass by laboratory analysis and with plankton biomass estimated by microscope counts.  
McCullough (2007) also incorporates the fluorescence intensity at an excitation wavelength of 370 nm, 
used internally in the Algal Online Analyzer for estimate the concentration of coloured dissolved organic 
matter (CDOM).  Dissolved organic carbon varies in Lake Winnipeg over a range exceeding 400 - 1200 
mg m-3, and therefore CDOM may be expected to vary considerably as well.  Incorporation of 
fluorescence due to excitation at 370 nm improved correlation marginally in some regressions.  Algal 
Online Analyzer output also includes a measure of light transmission at each excitation wavelength.  
Because turbidity also varies greatly in Lake Winnipeg (suspended solids concentrations range from < 1 g 
m-3 to more than 60 g m-3) McCullough (2007) also tested transmission as one of the suite of independent 
variables for estimation of biomass of major taxa.  In none of these early tests did transmission contribute 
to correlation coefficients, so that it was not further discussed.   
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Figure 8.  Excitation fluorescence spectra for several plankton taxa.  After Figure 2 in bbe Moldaenke 
(Undated). 
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Water-leaving radiance and remote sensing reflectance 
 

Water-leaving radiance was measured along near-continuous transects in conjunction with chlorophyll-a 
fluorescence and turbidity measurements and, on several cruises, Algal Online Analyzer plankton 
biomass in water sampled forward of the ship’s bow (Figure 9 and 10).  Basically, a down-looking optical 
sensor viewed the water surface from about 4 m forward of the bow, for comparison with water quality 
parameters from water sampled just forward of the bow wave, about one-and-one-half metres in front of 
the bow at the waterline.   

Water-leaving radiance was sampled using an Analytical Spectral Devices Inc. (ASD) FieldSpec field 
spectrometer.   The ASD FieldSpec records radiance in 1.4 nm-wide bands from 330-1050 nm, and is 
capable of recording at 1 second intervals.  The instrument was calibrated by ASD in the autumn/early 
winter of 2001.  However, we used an uncalibrated 10 m fibre-optic extension cable to carry light from 
forward of the ship to the instrument location on deck.  Remote sensing (surface) reflectance was 
calculated as the ratio to radiance upwelling from the water surface to radiance measured over a white 
reference panel before and after each water surface observations, as described below. 

The ASD FieldSpec was attached to a vertically down-looking bare-end fibre-optic cable with an IFOV of 
15o, mounted 3 m above the water and 4 m in front of the bow of the ship (Figures 9 and 10).  A 5.25 inch 
square BaSO4 white reference panel was also mounted at the end of the aluminum pipe that held the 
down-looking sensor.  The sensor was mounted in such a way that it could be slid back over the white 
reference panel, or alternately slid forward to look down on the lake surface, with the panel well back of 
its field of view.  In this way, we were able to alternate observations of water-leaving radiance from the 
water surface and from the white reference panel.  White reference values were recorded at irregular but 
frequent intervals, and in particular, just before and after radiance measurements associated with water 
quality samples. 

Figure 11 illustrates the nature of spectra collected, and shows the change in spectral reflectance patterns 
as the ship passed from a near surface plankton bloom to an area of turbid water. 
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Figure 9.  Left:  ASD sensor and white reference panel mounted on an aluminum pipe 4 m forward of the 
ship’s bow.  Steel pipe from the bow diagonally down to the water carried the water quality sampling tube 
from its inlet just below the water surface.  Right:  ASD field spectrometer on forward deck.  The instrument 
was connected to the sensor via a 10 m fibre-optic cable.  The tripod mount sitting on the tarpaulin was used 
for occasional downwelling irradiance measurements for comparison with reflectance from the white 
reference panel. 

 

 

Figure 10. Close-up of the ASD sensor in position to measure water-leaving radiance off the white reference 
panel.  The sensor could be slid about 20 cm forward to read water-leaving radiance off the water surface. 
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Figure 11. Left:  Two views of edge of near-surface algal bloom in turbid water in the North Basin of Lake 
Winnipeg.  Right:  Location of MERIS (upper panel) and MODIS (lower panel) overlaid on surface 
reflectance spectra obtained passing across the edge shown on the left.  Spectra are identified by observation 
times.  Greens indicate spectra over bloom; red-orange-brown over turbid water.  Grey lines are downwelling 
irradiance spectra a few minutes before and after the reflectance observations. 

 

Typically, each raw spectral radiance observation stored for analysis was the mean of 10 individual 
observations with integration times of 37-544 ms.  Surface reflectance associated with each water quality 
sample were calculated from raw radiance records as follows.  Radiance was recorded over the white 
reference panel prior to and after each taking each water quality sample.  Observations were recorded at 
intervals of 4-10 s.  Typically the time between successive white reference panel observations was 1 min., 
although under very clear sky conditions, some samples were accepted with intervals between successive 
white reference observations as great as 5 min.  The median of a minimum of 5 raw water-leaving 
radiance observations was calculated to represent each single surface reflectance value associated with a 
water quality sample.  Downwelling radiance  associated with each observation of water-leaving radiance 
was calculated by interpolating in time between the median of 5 consecutive prior white reference values 
and the median of 5 consecutive subsequent white reference values, where white reference values were 
corrected for non-Lambertian response associated with varying solar angles according to the method 
described by Leshkevich (1988).  These interpolated white reference values were then used to calculate 
surface reflectance for each of the intervening 5-10 water-leaving radiance observations over the lake 
surface.   

 

Uncertainty due to variability in the near-lake surface downwelling irradiance field (mostly due to 
variable cloud cover) was minimized by discarding samples with high variability in either the observed 
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white reference radiance or the calculated surface reflectance.  Wavelength accuracy of the data were 
checked by inspection of the oxygen absorption peak at 660 nm in numerous spectra recorded on each 
cruise.  It fell within 0.1 nm of 660 nm on all cruises.   

 
Simulated FLH and MCI 

 

This study relies heavily on the large paired in situ water quality and water-leaving radiance and surface 
reflectance data sets described above.  For tests of the relative capability of various MERIS and MODIS 
band ratios and chlorophyll indices to predict in situ chl and chl a, both ratios and indices were simulated 
from the shipboard water-leaving radiance and surface reflectance data. 

Spectral data were resampled to simulate MERIS and MODIS optical band sets (Table 3).  These 
simulated MERIS and MODIS data were used to replicate band ratio indices used in common ocean 
colour algorithms and to calculate fluorescence line height (FLH) and maximum chlorophyll indices 
(MCI).  Band ratios are designated below by symbols which indicate the satellite represented,  whether 
water-leaving radiance or surface reflectance was used to calculate the ratio and the band centre 
wavelengths employed.  For example, “MODIS U488/551” indicates ratios calculated from water-leaving 
radiance spectra resampled to MODIS bandwidths centred at 488 and 551 nm; “MODIS R488/551” 
indicates the same band ratio calculated from water-leaving reflectance data. 

Initially, the data set of matched water quality and surface reflectance spectra were screened to include 
only observations for which  

1. difference between time of water quality retrieval and mean time of reflectance observation was 
less than 1 min. (mean absolute difference = 6 sec) 

2. time elapsed from/to nearest downwelling radiance observation was less than 5 min (mean time 
elapsed = 1.0 min) 

3. solar zenith angle < 50o (to minimize uncertainties in correcting for non-Lambertian reflectance 
of BaSO4 panel used as white reference standard; overall range remaining in sample:  27 – 50o) 

4. sun azimuth < 120o from bow off ship’s centre line (to minimize possible effects of shadow or 
reflectance into downwelling light field from ship’s hull) 
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Table 3.  Band numbers, central wavelength and widths of MERIS and MODIS spectral bands.  Note that 
pixel size varies for MODIS bands.  MERIS data may have been archived as either 260 m X 260 m (FR) or 
1040 m X 1160 m (RR) data. 

MERIS MODIS 

 
Band#  

 Band 
centre   
(nm)   

 Band 
width   
(nm)   

 
Band# 

 Band 
centre   
(nm)   

 Band 
width   
(nm)   

 Pixel Size 
(m)  

1 412.5 10 8 412.5 15 1000 
2 442.5 10 9 443 10 1000 

  3 469 20 500 
3 490 10 10 488 10 1000 
4 510 10 

  11 531 10 1000 
  12 551 10 1000 
  4 555 20 500 

5 560 10 
6 620 10 

  1 645 50 250 
7 665 10 13L 667 10 1000 

  13H 667 10 1000 
8 681.25 7.5 14L 678 10 1000 

  14H 678 10 1000 
9 705 10 

10 753.75 7.5 15 748 10 1000 
11 760 2.5 
12 775 15 

  2 858.5 35 250 
13 865 20 16 869.5 15 1000 
14 890 10 
15 900 10 17 905 30 1000 

  19 936 10 1000 
  18 940 50 1000 
  5 1240 20 500 
  6 1640 24 500 
  7 2130 50 500 
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MERIS and MODIS data 
 

All geographic and radiometric manipulations of MERIS (European Space Agency’s Medium Resolution 
Imaging Spectrometer) data were done using VISAT, an application for visualization and analysis of 
satellite imagery within the larger software BEAM package (Basic European Remote-Sensing Satellites 
and Envisat Along Track Scanning Radiometer and MERIS Toolbox).  Data presented in this report are 
geocorrected at-surface reflectance values, or are indices calculated from these at-surface reflectance 
within VISAT.  VISAT routines were used to determine of top-of-atmosphere  reflectance from MERIS 
Level 1b radiance data for whole scenes, and to determine at-surface reflectance, using the SMAC 
routine, over land.  However, VISAT does not calculate at-surface reflectance over water.   For this 
purpose, I estimated the regional atmospheric contribution to reflectance as the mean of differences 
between top-of-atmosphere and at-surface reflectance on the nearby land surface, and estimated at-surface 
reflectance for pixels over Lake Winnipeg by subtracted this single value from all top-of-atmosphere 
reflectances. 

Geographic and radiometric manipulations of MODIS (United States National Aeronautics and Space 
Administration’s Moderate Resolution Imaging Spectroradiometer) data were done using the Idrisi 
geographic information system.  Level 1B data were downloaded from LAADS Web (NASA’s Level 1 
and Atmosphere Archive and Distribution System), then geocorrected and recalculated to TOA(refl.) as 
described in the MODIS Level 1B Product User’s Guide (MODIS Characterization Support Team, 2006).   
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Results 
Estimation of chlorophyll-a biomass by MERIS FLH 
 

In a previous study (McCullough 2007a) I used chlorophyll-a determined by the HPLC method to test the 
capability of MERIS FLH to predict chlorophyll-a in Lake Winnipeg (Figure 12).  In that study, I 
examined the relationship between MERIS FLH and chlorophyll as measured in the laboratory (both by 
gross fluorescence and by the high performance liquid chromatography) and found no effect of suspended 
solids concentration (SSC), using a sample with SSC observations ranging from 0.5-40 g/cu m.  SSC, 
together with CDOM, is a  major determinant of transparency in Lake Winnipeg. In this study, I am 
relying for chlorophyll-a on values predicted using the multiple fluorescence method used by the AOA 
[chl(AOA)].   Unlike in the previous study, relative transparency apparently has a strong effect on the 
ability of FLH to predict of chlorophyll-a, at least where chlorophyll-a itself is estimated by the AOA.  
Low transparency (i.e. high SSC) observations clearly fall in two distinct groups in the chl(AOA) -FLH 
space (Figure 13).  The highest chl(AOA) values are associated with relatively low transparency; this is 
readily explained by increased scattering and absorption of light at higher plankton concentrations.  
However, a larger group of low transparency observations are associated with chl(AOA) observations 
mostly in the range 5-10 mg/cu m.  At these low chl(AOA) concentrations, plankton is unlikely to be the 
main determinant of transparency.  Rather, since the observations seem independent of the dominant 
chl(AOA) relationship (shown by the black crosses in Figure 13), it is likely that the low transparency is 
here due to suspended mineral sediments which would not affect FLH.   (The dominant chl(AOA) 
relationship is determined by 191 observations with transparency > 75% and CDOM > 0.1.  There are 51 
low transparency observations and 13 low CDOM observations in the sample.) 

However, since, in a previous study (McCullough 2007b), using measured SSC as opposed to AOA-
derived transparency, the prediction of chlorophyll by MERIS FLH was shown to be independent of SSC.  
It may be that it is prediction of chlorophyll by the AOA that is impaired by low transparency, and not 
prediction by MERIS FLH.  The “low” CDOM observations plotted in Figure 13 were in fact zero, and 
may have been due to very high absorption of blue light by the chlorophyll, which exceeded 70 mg/cu m 
in all of these observations, and hence not at all indicative of CDOM concentrations. 
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Figure 12.  Chl a (HPLC method) prediction by MERIS FLH simulated from spectral reflectance recorded ~4 
m above water surface.   The trend line is a second-order polynomial best fit.  Data is August-only, 2002 to 
2004.   (After McCullough 2007a) 
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Figure 13.  Effect of low relative transparency (red squares) and low apparent CDOM concentration (blue 
diamonds) on prediction of chlorophyll-a by MERIS FLH.   Upper chart (A) employs chlorophyll-a 
concentrations estimated by the manufacturer’s calibration for the AOA.  Lower chart employs 
concentrations estimated by a regression on local in situ data (McCullough 2007).  Transparency is as 
measured by the AOA at 570 nm.   CDOM is the AOA “yellow substance” concentration.     
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Cyanobacteria biomass as a function of total biomass 
 

For all observations with chl(AOA) > 20 mg/cu m in the AOA data set for Namao cruises in 2002-2004, 
cyanobacteria comprised less than 87% of the total chlorophyll-a biomass in only one case (Figure 14).  
FLH has already been shown to be a reasonable predictor of total chlorophyll-a biomass in Lake 
Winnipeg, so that a FLH-derived chlorophyll-a concentration of > 20 mg/cu m serves to indicate 
overwhelming cyanobacteria dominance in the plankton community.  For observations with total 
chlorophyll-a biomass greater than 20 mg/cu m, the mean cyanobacteria fraction is 94% (s.d .= 6.3%, 
n=49).  It is unlikely that any other index derived from either MODIS or MERIS data will improve on this 
estimate.   However, at lower biomass concentrations, the proportion of cyanobacteria is clearly not 
correlated with total biomass.  The proportion of cyanobacteria in plankton at these low to moderate 
concentrations is of concern, however, if we wish not only to estimate current concentrations but also to 
forecast cyanobacteria bloom development by remote sensing techniques. 

0.01

0.1

1

1 10 100 1000

Chlorophyll-a biomass (ug/L)

C
ya

no
ba

ct
er

ia
 a

s 
%

 o
f t

ot
al

 c
hl

-a
 b

io
m

as
s 

.

August-October 2002-2004

 

Figure 14.   Proportion of cyanobacteria as a function of total biomass.  August-October observations, 2002-
2004 (n=247). 

 

Cyanobacteria are distinguished within the phytoplankton community by the presence of the pigment 
phycocyannin.  Phycocyannin fluorescence measured in situ has recently come common use in the 
limnological community as an index or estimator of cyanobacteria biomass in the water column.  
Phycocyannin also contributes to a distinguishing feature of the optical absorption spectra.  It has a strong 
local absorption maximum at 620 nm, creating a measurable local reflectance minimum at the same 
wavelength.  This is apparent not only in spectra created using laboratory cultures (Figure 15) but also in 
the reflectance spectra over cyanobacteria-dominated populations in Lake Winnipeg (Figure 5 and 6).  
MERIS includes a band at this wavelength (Figures 5 and 6, and Table 3). 
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Figure 15.  Left:  In vivo absorption spectra of Anaebaena sp (a) and Aphanizomenom flos-aquae (b) under 
light saturated (solid line), moderately light-limited (dashed line) and severely light-limited (dotted line) 
conditions.  Spectra are normalized to 678 nm.  After De Nobel et al. (1998).   Right:  Reflectance and 
attenuation spectra of an Anabaena sp. culture at various concentrations.  After Gittleson et al. (1999). 

 

I have used the Lake Winnipeg set of paired AOA and ASD tested numerous combinations of MERIS 
bands to test for relationships between this phycocyannin minimum, alone and in combination with 
MERIS FLH and MCI.  None perform satisfactorily.  However, a more general multiple regression 
analysis, which includes reflectance at all of these wavelengths, plus reflectance at 510 and 560 nm, does 
return a useful correlation.  The 560 nm band is near the usual peak of the visible spectrum over water, 
and generally correlates with suspended sediment concentration, or with turbidity.  The ratio of 
reflectance at 510 nm to reflectance at 560 nm is a common measure of total chlorophyll in Case 1 waters.   
Together, then, the seven MERIS bands from 510 to 705 nm incorporate measures of total chlorophyll 
(R510/560, FLH and MCI), general turbidity (R560) and phycocyannin (R620).  In the form of the 
multiple regression described below, I express every band as a ratio to surface reflectance at 560 nm.   

Multiple linear regression on 5 MERIS reflectance ratios (band 4/band 5, band6/band 5, band 7/band 5, 
band 8/band 5, and band 9/band 5; i.e.  at wavelength ratios 510/560, 620/560, 665/560, 681/560 and 
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705/560 nm) predicts the cyanobacteria fraction of total plankton biomass with r2 = 0.63 and S.E. = 15% 
(n = 225, with cyanobacteria in the sample ranging from 0-100% of total plankton biomass) (Table 4).   

The possibility that including total  biomass as a sixth term might improve the prediction of cyano(AOA) 
over larger ranges of chlorophyll concentrations was tested by including a sixth term, chl(FLH) together 
with the five band ratios in the regression.  The extra term provides slightly improved prediction;  r2 is 
increased from 0.63 to 0.68, and S.E. is reduced by half a percent.  However, close inspection of scatter of 
the predicted cyanobacteria fraction (Figure 16; compare charts A and B) reveals that adding the biomass 
term shifts prediction at high and low values away from the line of 1:1 correspondence between predicted 
and measured values.  That is, with biomass included, the regression appears slightly more likely to over 
predict low cyanobacteria fractions [see Figure 16; e.g. picking an example near the middle of the cluster 
–  roughly the median prediction –  cyano(MERIS) = 25% at measured cyano(AOA) = 16%] and to under 
predict high fractions [e.g. cyano(MERIS) = 73% at cyano(AOA) = 81%].  Consequently, the five band-
ratio equation is used to develop demonstration cyanobacteria-fraction maps from MERIS imagery. 

 

Table 4.  Statistics for multiple linear regression of cyano(AOA) and bacillo(AOA) on MERIS reflectance 
data.  RXXX/YYY refers to ratios of reflectance recorded over MERIS band widths at wavelengths XXX and 
YYY.  Values under each term are probabilities; values in bold font indicate terms for which the regression 
coefficients are statistically significant.  Actual coefficients for the regression equation are shown only for the 
last 2 rows, i.e. for prediction of the fraction of cyanobacteria in observations with 2 < chl(AOA) < 50 mg/cu 
m.  Chl(FLH) = total chlorophyll-a biomass as estimated by MERIS FLH.    For each row of data, range = the 
range in chl(AOA) in mg/cu m for which the regression was calculated, i.e. 2-10, 10-20 and 2-50 mg/cu m. 

  range r2 S.E. n Intercept chl(FLH) 
R510 
/560 

R620 
/560 

R665 
/560 

R681 
/560 

R705 
/560 

Cyano 2-10 0.47 0.14 107 0.000 0.000 0.000 0.000 0.242 0.593 
Bacillo 2-10 0.32 0.15 107 0.000 0.000 0.004 0.001 0.606 0.908 

Cyano 10-20 0.85 0.11 52 0.000 0.126 0.000 0.000 0.051 0.056 
Bacillo 10-20 0.89 0.09 52 0.000 0.674 0.000 0.000 0.101 0.038 

Cyano 2-50 0.63 0.15 225 0.000 0.000 0.000 0.000 0.160 0.000 
Coefficients 2.8465 -2.4380 -4.4766 4.1233 0.64143 -0.47801 

Cyano 2-50 0.68 0.15 233 0.000 0.001 0.000 0.000 0.000 0.030 0.037 
Coefficients 2.5684 -0.013567 -1.7526 -4.7132 5.2827 -1.4369 0.54834 
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Figure 16.  Cyanobacteria biomass as a fraction of total biomass, estimated by the regression equation 
determined for observations with chl(AOA) ranging from 0-50 mg/cu m.   A:  Prediction by multiple linear 
regression on 5 MERIS reflectance ratios (510/560, 620/560, 665/560, 681/560, 705/560).  B:  Prediction by 
regression on the same 5 reflectance ratios, plus chl(FLH).  The diagonal line indicates 1:1 correspondence 
between the cyano(FLH) and cyano(AOA). 
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Demonstration cyanobacteria maps 
 

Figures 17 and 19 show maps of cyanobacteria as a fraction of total chlorophyll-a biomass  in Lake 
Winnipeg on 6 July 2007 and 15 August 2003.  Figures 18 and 20 show total chlorophyll-a determined by 
MERIS FLH (McCullough 2007b) on the same two dates. 

The 6 July 2007 maps show a lake in which cyanobacteria dominate the plankton community only 
locally, especially along the east shore of the South Basin, in the southern Narrows region and in some of 
the shallow areas, as for instance Fisher Bay and just north of the mouth of the Berens River.   In 
particular, along the east shore of the South Basin, where Winnipeg River water might be expected to 
flow, cyanobacteria already comprise nearly 100% of the plankton biomass.  Somewhat surprisingly, this 
is not a reach with the particularly high chlorophyll concentrations.  The highest total concentrations lie 
along the east shore of the north Narrows (Figure 18) and do not coincide with the highest cyanobacteria 
dominance – although cyanobacteria do, in this reach, do comprise 70-80% of total biomass.   Notably, 
chlorophyll concentrations through most of the North Basin are not high in this image, but cyanobacteria 
already comprise a considerable proportion of total plankton – 30-50% everywhere south of Long Point.  
The only region that appears devoid of cyanobacteria is the extreme northwest. 

On the other hand, cyanobacteria dominate the whole lake in the 15 August 2003 map.  A large, intense 
bloom lies along the whole western shore of the North Basin, and in the region north of MacBeth Point 
(Figure 20).  Unlike in the early July map, chlorophyll concentrations are generally low in the Narrows 
region, and in the South Basin are high only in the south.  Cyanobacteria are dominant through most the 
North Basin.  Interestingly, there appears to be good spatial correlation between chlorophyll concentration 
and the contribution of cyanobacteria to the total.  This may be real, but could be an artefact of the 
multiple regression and band ratioing used to predict the cyanobacteria fraction.  The relationship does 
not carry into the South Basin, where the highest cyanobacteria dominance is coincident with the lowest 
chlorophyll concentrations.    

Figure 21 shows the track of the Namao from near Berens Island southward to Matheson Island, on the 
August 2003.  The transect began in a surface bloom near Berens Island, and over the next while, passed  
through very green, plankton-rich waters.  The latter part of the cruise was through more turbid waters, 
with only occasional evidence of plankton near the surface (Figure 22).  Total chlorophyll-a biomass 
decreased from near 100 mg/cu m near Berens Island to less than 10 mg/cu m in the south.   
Cyanobacteria comprised 90-100% of the plankton biomass through much of the cruise, but dropped 
sharply to less than half at about 51.9o latitude, and then rose to between 60-70% over the last few 
kilometres of the cruise (Figure 22).  The MERIS-derived map shows a similar nearly monoculture of 
cyanobacteria through the first two-thirds of the cruise.  It overestimates cyanobacteria dominance 
through the last third of the cruise.  Although along the track the cyanobacteria fraction by MERIS drops 
briefly to as low as 65%, it more generally returns values in the range 70-80% even near the south end of 
the transect. 
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Figure 17.   Map showing cyanobacteria as a fraction of the total chlorophyll biomass in Lake Winnipeg on 6 
July 2007.  Chlorophyll biomass on the same day is shown in the next figure. 

 



Remote Sensing of Cyanobacteria in Lake Winnipeg          G. McCullough 30 

 

Figure 18.   Map showing total chlorophyll-a biomass derived from MERIS FLH, in Lake Winnipeg on 6 July 
2007.   

 

 



Remote Sensing of Cyanobacteria in Lake Winnipeg          G. McCullough 31 

 

Figure 19.   Map showing cyanobacteria as a fraction of the total chlorophyll biomass in Lake Winnipeg on 15 
August 2003.  Chlorophyll biomass on the same day is shown in the next figure. 
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Figure 20.  Map showing total chlorophyll-a biomass derived from MERIS FLH, in Lake Winnipeg on 15 
August 2003.   
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Figure 21.  Track of the Namao from Berens  to Matheson Island on 15 August 2003.  Left:  Colours show 
cyanobacteria as a fraction of the total chlorophyll biomass.   Right:  Total chlorophyll-a biomass by MERIS 
FLH. 
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Figure 22.   Relative contributions to total chlorophyll biomass of four dominant taxa, determined by Algal 
Online Analyzer along the track in the figure above. 
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Data description 
Notes regarding accompany DVDs. 
 

In some cases, spreadsheet data are stored as Excel 2007 workbooks (identified by the suffix “.xlsx”.   if 
the number of rows exceeded the 65536 row limit of previous Excel versions (suffix “.xls”).  Most 
spreadsheet data are stored as Excel 2000 workbooks. 

 

Ship track and station locations  
 

Raw GPS (Geographic Positioning System) tracks of the Namao missions and GPS notations of station 
locations from the LWRC (Lake Winnipeg Research Consortium) field log books have been extracted and 
collated, and are stored on the accompanying DVD set.   The mission tracks reduced to 1-minute-interval 
average positions and station locations are stored, and charted on a Lake Winnipeg outline map, in the file 
“LW Namao GPS track & stations 2002-2007.xls”.   Complete 1-minute-interval positions are also stored 
in the smaller file “LW Namao GPS track (one minute) 2002-2007.xls”.  

An interpolation routine for estimating precise locations of in situ data collected while the Namao was 
underway is included in the file “LW Namao GPS track interpolation routine 2002-2007.xlsx”. 

 

Water quality data 
 

Water quality data for this project was supplied by Mike Stainton of the Department of Fisheries and 
Oceans, Winnipeg.   Lake water was sampled at stations from the top metre of the water column using a 
Van Doorn collecting bottle.  Water samples identified as FT (“flow-through”) were collected while 
underway using a continuous-flow system with its source in the top few decimetres of the water column 
just ahead of the bow-wave of the ship.  Water collected for chlorophyll and suspended solids analysis 
was filtered on board the Namao on the same day that they were sampled.  Filters were stored frozen until 
analyzed at the Freshwater Institute in Winnipeg.  Filtrate for DOC (dissolved organic carbon) analysis 
were stored refrigerated until analyzed.  Analytical protocols used are described by Stainton (1977). 

Data are stored on the accompanying DVD in the file “LW water quality & taxonomy 2002-2007.xls”.  
Geographic coordinates have been assigned to each values.  Where the coordinates were recorded in the 
Namao field log book, these coordinates are matched with analytical results.  Otherwise, coordinates 
derived by interpolation to the recorded sample time are used.  This method was used to assign 
coordinates to all flow-through observations.  Discrepancies have been noted in a separate worksheet.  No 
coordinates have been assigned to observations where neither the time nor the geographic location were 
recorded.   (Every sample was assigned a date in the original laboratory database, but not necessarily a 
time. 
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Plankton taxonomic data 
 

Plankton taxonomy data used in this study was provided by Hedy Kling of Algal Taxonomy and Ecology, 
Limited, of Winnipeg Manitoba.   The complete set of species counts supplied by Ms. Kling are stored on 
the accompanying DVD in the file “LW algal taxonomy (raw counts and & summary, 2002-2007).xls:.  
Chlorophyll biomass of major taxa extracted from this data have been merged with water quality data 
from samples taken the same place and time, and stored in the file “LW water quality & taxonomy 2002-
2007.xls”.   

 

Plankton fluorescence data 
 

Fluorescence data and derived plankton taxa counts recorded using Algal Online Analyzers on Lake 
Winnipeg in 2003, 2004 and 2007 are stored on the accompanying DVD in the file LW Algal Online 
Analyzer 2003, 2004, 2007.xls. 

 

Merged in situ data sets 
 

Water quality data, taxonomic counts and AOA fluorescence data, further merged by observation time 
and location, are stored on the accompanying DVD in the file “LW water quality, taxonomy, AOA, 
MODIS & MERIS 2002-2007.xls”. 

 

In situ spectral reflectance data 

 
Spectral downwelling radiance and at-surface reflectance data recorded from 2002 to 2004 using ASD 
field spectrometers and reduced to the spectral band sets of the MODIS and MERIS instruments, are 
stored on the accompanying DVD in the file “LW ASD MOD&MER2002-2004G0.xls”. 

A reduced subset of ASD surface reflectance data, used in the analysis described in this report, was 
merged with water quality data, taxonomic counts and AOA fluorescence data, and is stored on an 
accompanying DVD in the file “LW ASD MOD&MER2003, 2004 with water quality, AOA data.xls”.  
Constraints governing the inclusion of surface reflectance and paired data in this subset are: 

• solar zenith angle   35-72o 

• ship/sun angle    <135o unless at anchor 
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• time(ASD)-time(AOA)   <60 sec 

• position(ASD)-position(AOA)  <50 m 

• time since/before downwelling* <10 min 

• C.V. of downwelling light  <5% 

*Reflectance was determined as the ratio of upwelling radiance over the lake surface to downwelling 
radiance measured over a white reference panel.  Specifically, the downwelling radiance at the time of the 
observation of upwelling radiance was calculated by time interpolation between prior and subsequent 
observations over the white reference panel.  Time elapsed between observations of downwelling 
radiance was varied according to variability of cloud and haze interference. 

Satellite images 
 

MODIS (Moderate Resolution Imaging Spectroradiometer on Terra and Aqua satellites) browse images, 
for data covering the period 2001-2007, have been stored on the accompanying DVDs.  A selected subset 
of Level 1b data (top-of-atmosphere calibrated radiances) have been downloaded and are also stored on 
the accompanying DVDs.  This downloaded image set is only a small subset of available MODIS images.  
However, all images included in the browse image set are archived by NASA (U.S. National Aeronautics 
and Space Administration) and are freely available for download at any of several distributed archives 
including LAADS Web (Level 1 and Atmosphere Archive and Distribution System; 
http://ladsweb.nascom.nasa.gov/data/).  MODIS Aqua images processed to include ocean colour products 
are available from the Ocean Color Group (http://oceancolor.gsfc.nasa.gov/). 

An extensive collection of MERIS (Medium Resolution Imaging Spectrometer on Envisat satellite) data 
recorded over Lake Winnipeg in the period 2003-2007 have been accessed by Dr. Jim Gower of the 
Department of Fisheries and Oceans, Nanaimo.  These data have been made available for this study and 
are stored on the accompanying DVDs as Level 1b data.  Browse images of all FR (full resolution, i.e. 
300 m X 300 m pixels) were created and are stored in on the DVDs in “jpg” format.    

 

MODIS data set 
 

MODIS images acquired for this study are stored on accompanying DVDs.  Data files are stored in HDF 
version 4 or LAC formats.  HDF data retrieved for each image generally includes all Level 1b (top-of-
atmosphere radiance) data at spatial resolutions of 250 m X 250 m, 500 m X 500 m and 1 km X 1km 
(identified in file names as “QKM”, “HKM” and “1KM” respectively)  plus geo-referencing and solar 
angle data (file names beginning with the character strings “MOD03” or “MYD03”).  Files stored in the 
LAC format include at-surface reflectance data and ocean colour products, prepared by the Ocean Color 
Group.  They are identified in file names by the character strings “LAC” and include MODIS 1-kilometre 
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resolution data only.  A complete catalogue of the 93 MODIS images acquired for this study can be found 
in the file “LW MODIS & MERIS catalogue 2001-2007.xls”.   

Data and browse jpg images are stored on DVDs: 

• MODIS 1  2002 Terra (ALL), 2003 Terra (GEO*) 

• MODIS 2   2003 Aqua (ALL), 2004 Terra (SS*) 

• MODIS 3 2003 Terra (1KM), 2004 Aqua (ALL)  

• MODIS 4 2003 Terra(HKM), 2004 Terra(GEO), 2005 Terra(ALL) 

• MODIS 5 2003 Terra(QKM), 2002-2005 Aqua(OCP*)  

• MODIS 6 2004 Terra(1KM) 

• MODIS7 2004 Terra(HKM) 

• MODIS8 2004 Terra(QKM) 

• MODIS9 2006 Terra(ALL) & Aqua(ALL), 2006 Terra(ALL) & Aqua(ALL),               
Landsat TM 29 Aug 1999 & 26 Sept 2001 

 

*”GEO” indicates files containing geo-referencing and sun angle data; “SS” indicates water (sea) 
surface temperature data; “OCP” indicates re-calibrated radiance data and products produced by the 
Ocean Color Group. 

 

MERIS data set 
 

MERIS images recorded over Lake Winnipeg in the period 2003-2007 are stored on the accompanying 
DVDs.  Data files are stored in the Envisat N1 format.  Files may be viewed and geo-registered and 
corrected from top-of-atmosphere radiance to surface reflectance, and various secondary products may be 
prepared using the software package VISAT  developed by the BEAM (Basic Envisat ATSR and MERIS 
toolbox) Project, Brockman Consult GmbH, Geesthacht, Germany.   The VISAT installation program, 
“beam_windows_4.1.1.exe” is stored with MERIS data on the accompanying DVD.  Copies of the 
installation program, updates and documentation are freely available on-line at http://141.4.215.13/.   

Browse files in jpg format are included.  They are colour composites of 4 types, identified by the 
following characters at the right of the file name: 

• RGB:  standard MERIS RGB product considered to give the closest to true colour image 
• RGB1351:  red = band 13 (IR), green = band 5 (green), blue = band 1 (far blue) 
• RGB987:  red = band 9,  green = band 8, blue = band 7 
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• RGB1098:  red = band 10,  green = band 9, blue = band 8 

RGB1351 and/or RGB987 were constructed only for selected images.  RGB987 and RGB1098 render the 
MERIS standard FLH and MCI band combinations, respectively, as RGB composites.  Both RGB1351 
and RGB987 show increasing red with increasing chlorophyll concentration.   These jpg files are 
constructed from top-of-atmosphere radiances, so that colours may be muted or altered independently of 
surface reflectance from the water column, by variable light scattering and absorption in the atmosphere.  
Consequently, the colours are not accurate, quantitative measures of chl or SSC, and the relationship 
between colour and chl or SSC may vary considerably between scenes. 

A complete catalogue of the 51 FR (full resolution, i.e. 260 m X 290 m pixels) and 196 reduced 
resolution (RR, 1040 m X 1160 m) MERIS images acquired for this study is stored in the file “LW 
MODIS & MERIS catalogue 2001-2007.xls” on the accompanying DVDs  “MERIS3” and “MERIS4”.    
Level 1b (top-of-atmosphere radiance) data and browse jpg images are stored on 4 DVDs: 

• MERIS 1  FR 2006, 2007 

• MERIS 2   FR 2003, 2004, 2005; RR 2003, 2004, 2005 

• MERIS 3 RR 2006 (May – Sept)  & BEAM software 

• MERIS 4 RR 2006 (Oct – Dec)  & BEAM software 
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