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Executive summary 
 
This report describes results of an investigation of the water quality information content 
of MERIS and MODIS data by comparing relationships between selected MERIS and 
MODIS band-ratios and chlorophyll indices, simulated using 400-800 nm water-leaving 
and surface reflectance data, and paired in situ water quality data from Lake Winnipeg 
surveys.   
 
It shows blue /green band ratios traditionally used in chlorophyll investigations of Case I 
waters are very poor predictors of chlorophyll a concentration (chl a) in the Case II 
waters (high, and highly variable inorganic suspended solids and dissolved organic 
carbon concentrations) characterizing Lake Winnipeg.  Among band ratios and indices 
tested, MERIS MCI (maximum chlorophyll index) is the best overall predictor of chl a (r2 
= 0.84 by polynomial regression on MERIS MCI simulated from surface reflectance 
data) with a root mean square error of prediction of 8.3 mg m-3 over the range 5 < chl a < 
32 mg m-3.  MERIS FLH, although at r2 = 0.75 not as strongly correlated with 
chlorophyll as MCI, nonetheless predicts chl a in Lake Winnipeg with a root mean square 
error of prediction of 7.2 mg m-3 over the same range.   
 
MODIS FLH is only weakly correlated with chl a (r2 = 0.48) in Lake Winnipeg.  It 
greatly under-predicted chl a in comparison with concentrations determined by 
Fluoroprobe along a test transect where chl a ranged from 2 – 80 ug l-1.  Along the same 
transect, MERIS MCI-derived chl a followed the Fluoroprobe-derived data, tending to 
underestimate only the highest values, and MERIS FLH more generally under-predicted 
high chl a.  
 
The strong performance of FLH in predicting chl a is fortuitous in the sense that 
cyanophytes do not show the expected fluorescence peak at 685 nm.  The FLH – chl a 
relationship is inverse, and is due to a local reflectance minimum caused by strong 
absorption by phycoeritherin at 675 nm.  This effect appears to be strongest in 
cyanophyte-dominated algal assemblages characteristic of summer and autumn blooms 
on Lake Winnipeg, and weaker in bacillariophyte-cryptophyte assemblages, which 
dominate the early open water season community. 
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Cover picture:  MERIS band 5 reflectance image and, MERIS FLH and MCI maps 
showing a cyanophyte bloom near the north end of Lake Winnipeg on 12:07 CDT 15 
August 2003 
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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) to use the extensive optical and in situ water 
quality database collected in Lake Winnipeg from 2002 – 2004 to investigate the relative 
merits of MERIS and MODIS band ratios and chlorophyll indices for prediction of 
chlorophyll concentration.   
 
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).  Algal 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).   
 
I have previously examined correlations between blue / green reflectance ratios (spectral 
bandwidths equivalent to MERIS and MODIS blue and green bands, i.e. MERIS 443, 
490 and 510 relative to 560 nm, and MODIS 443, 488 and 531 relative to 551 nm,).  No 
significant differences between MODIS and MERIS were found in prediction of 
chlorophyll by these blue-green ratios.  However, the full information content of MERIS 
and MODIS/matched water quality data on Lake Winnipeg has not been investigated.  In 
particular, information from to the red and near-infrared bands, and from chlorophyll-a in 
vivo fluorescence band-set was not investigated in this previous study.  Moreover, 
taxonomic classifications now available for part of this data set were not previously 
incorporated into the analysis. 

 
This report describes results of an investigation of the water quality information content 
of MERIS and MODIS data by comparing relationships between selected MERIS and 
MODIS band-ratios and chlorophyll indices, simulated using 400-800 nm water-leaving 
and surface reflectance data, and paired in situ water quality data from Lake Winnipeg 
surveys.   
 

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 
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light is less likely to be limiting to algal productivity (at least in the absence of 
cyanophyte 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. 
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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 algae-
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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Algal community distributions 
 
The Lake Winnipeg algal assemblage is marked by seasonal succession.  In the analysis 
conducted for this study it has become apparent that differences among the spectral 
signatures of different algal 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).  Cyanophytes 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 cyanophytes 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 cyanophytes, 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 cyanophytes 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 cyanophytes, chiefly 
Aphanizomenon flos-aquae.   By autumn, bacillariophytes dominated the North Basin, 
and comprised as much as 90% of biomass in some samples.  However, in the South 
Basin, although cyanophytes still dominated most samples, other taxa, in particular 
chlorophytes, were well represented. 
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Figure 4.  Fraction of major algal 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 algal biomass.  
(Data from microscopic counts by H. Kling of Algal Taxonomy and Ecology Ltd.) 
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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; submitted to 
M. Stainton, Freshwater Institute, Winnipeg, Canada).  These methods are described in 
brief below. 
 
In situ 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 2004.  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 October/November.  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). 
 
Algal taxonomy data used in this study was provided by Hedy Kling of Algal Taxonomy 
and Ecology, Limited, of Winnipeg Manitoba.  Her 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. 
 
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 foreward 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 Fluoroprobe at 5 minute intervals in water pumped from foreward 
of the ship’s bow wave.  The Fluoroprobe (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, 

 
• Algal taxonomic classifications by microscope counts, of samples 

collected during various whole lake cruises, paired with in situ water 
quality, Fluoroprobe and/or shipboard spectral reflectance data, 

 
• measurements of downwelling and water-leaving radiance and reflectance 

recorded semi-continuously (both at standard stations and associated with in situ 
samples taken while underway) from a sensor located 4 m foreward of the ship’s 
bow. 

 
Locations of the standard limnological stations and the track of a typical whole lake 
cruise are shown in Figure 1.   
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Figure 5.  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.  
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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 foreward of the ship’s bow (Figure 6 and 7, 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. 
 
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).  Algal taxonomic data mentioned in this report were determined by microscope 
counts. 
 

Water-leaving radiance and remote sensing reflectance 
 
Water-leaving radiance was measured along nearly continuous transects in conjunction 
with chlorophyll-a fluorescence and turbidity measurements and, on several cruises, 
Fluoroprobe algal biomass in water sampled forward of the ship’s bow (Figure 6 and 7).  
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 6 and 7).  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 

MERIS/MODIS chlorophyll prediction in L Winnipeg     G. McCullough 8  



values were recorded at irregular but frequent intervals, and in particular, just before and 
after radiance measurements associated with water quality samples. 
  
   

   
Figure 6.  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 7. 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. 

 
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 
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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 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.  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) 
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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) 

 
After screening, 148 observations were retained for statistical tests of prediction of 
chlorophyll concentration using selected remote sensing indices.  Ninety-eight of these 
retained observations were recorded in mid-summer cruises from 2002 – 2004 (earliest:  
4 August; latest:  22 August).  Fifty were recorded spring cruises in 2003 and 2004 
(earliest:  9 June; latest:  18 June).  Relationships between optical and chl a data were 
found to be dramatically different between the spring and mid-summer data sets.  The 
two sets differ in dominant algal taxa, and this appears to support differences in spectral 
reflectance characteristics that affect fluorescence line height observations in particular.  
Consequently, I have relied on the August data set to develop and study bio-optical 
relationships throughout this report, and have referred to the June data only to note its 
distinctiveness.  Different optical properties of the two major taxonomic groupings that 
underlie this bio-optical distinctiveness are discussed later in this report. 
 

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 top-of-
atmosphere reflectance [TOA(ref.)] or are indices calculated from these TOA(refl.) 
within VISAT. 
 
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).   
 
I made no attempt to calculate surface reflectance, as my previous experience has shown 
that the very high and spatially variable colour contrast in visible and near-infrared 
reflectance over Lake Winnipeg makes reasonable pixel-by-pixel atmospheric correction 
by current techniques impossible.   
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Results and discussion 
 

Correlations between band ratios and indices and chlorophyll 
 
Relative predictive power among several band ratios and indices were compared by linear 
correlation (Table 1).  In addition to the commonly used blue / green ratios, two near-
infrared / red ratios were tested, as these have shown some success in predicting 
chlorophyll concentrations, at least where algae are concentrated near the surface.   
 
Three blue / green band ratios used to predict chlorophyll in Case 1 waters were tested: 
490/560 and 510/560 with MERIS bandwidths, and 469/551, 488/551 and 531/551 with 
MODIS bandwidths.  All blue / green band ratios are significantly, inversely correlated 
with both chl or chl a.  (Chl a tends to better correlated with all band ratios and indices 
tested than is chl, but the coefficients of correlation and determination are not much 
different between the two.  Consequently, only the correlations with chl a are reported or 
discussed further here.  In every case, log-transformation of the chl a value improves the 
correlation.  Among the blue / green ratios, MODIS 531/551 and MERIS 510/560 best 
predict chl a, with coefficients of determination (r2) of -0.53 and -0.49 respectively [using 
reflectance data; n = 98; signs are retained to indicate whether inverse (-) or positive (+) 
correlation; mid-summer cruise data only, 2002-2004].   
 
Both SeaWiFS and MODIS ocean colour algorithms (Case 1 waters) employ log-
transforms of the band ratios, as opposed to linear relationships, but in this data set log-
transformation of band ratios does not consistently improve correlation.  Ratios with the 
highest numerator values (531 nm for MODIS, 510 nm for MERIS) show the highest 
correlation with chl a (and chl).  This result is similar to findings using the SeaWiFS and 
MODIS ocean colour algorithms in Case 1 waters with chlorophyll concentrations in 
excess of 1.5 mg m-3 (e.g. O’Reilly et al.  1998) where ratios with lower numerators 
better predict chlorophyll only at lower concentrations. 
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Table 1.  Coefficients of determination (r2) between chl a and selected MERIS and MODIS band 
ratios and indices.   Combinations of linear and log-transformed variables are tested (taking 
log(FLH+1) and log(MCI+1) to prevent operations on negative numbers).  Values in column 3 
indicate band centre wavelengths in nm.   Signs indicate whether inverse (-) or positive (+) 
correlation.  Bold type indicates highest correlation in each group.  All correlations are significant at 
>99% confidence (P.≥0.005).  Data from August cruises, 2002-2004.  n=98.  

    
Water-leaving 

radiance Reflectance 
Parameter Wavelengths Trans. chl a log(chl a) chl a log(chl a) 

linear -0.28 -0.38 -0.30 -0.43 490 / 560 
log -0.29 -0.38 -0.31 -0.43 

linear -0.33 -0.46 -0.33 -0.49 
MERIS blue / 

green 
510 / 560 

log -0.33 -0.45 -0.34 -0.47 
linear -0.19 -0.23 -0.21 -0.28 469 / 555 
log -0.21 -0.25 -0.23 -0.30 

linear -0.31 -0.40 -0.32 -0.44 488 / 551 
log -0.32 -0.40 -0.34 -0.44 

linear -0.37 -0.50 -0.38 -0.53 

MODIS blue / 
green 

531 / 551 
log -0.37 -0.48 -0.38 -0.51 

linear 0.54 0.39 0.54 0.40 MERIS         
infra-red / red 775 / 620 

log 0.39 0.38 0.39 0.38 
linear 0.55 0.45 0.55 0.46 MODIS        

infra-red / red 748 / 667 
log 0.41 0.45 0.41 0.45 

linear -0.71 -0.52 -0.73 -0.62 MERIS FLH 665, 681, 709 
log -0.71 -0.52 -0.73 -0.62 

linear -0.38 -0.33 -0.40 -0.48 MODIS FLH 667, 678, 748 
log -0.38 -0.33 -0.40 -0.48 

linear 0.67 0.47 0.68 0.50 MERIS MCI 681, 709, 753 
log 0.67 0.47 0.68 0.50 

linear 0.29 0.23 0.37 0.43 645, 748, 858 
log 0.29 0.23 0.37 0.43 

linear 0.28 0.21 0.38 0.40 
MODIS 
"MCI" 

678, 748, 858 
log 0.28 0.21 0.37 0.40 

 
Near-infrared / red ratios, MERIS 775/620 and MODIS 667/748  with r2 = 0.54 and 0.55 
respectively, are better correlated with chl a than any of the blue / green ratios.  This may 
be due to the high proportion of cyanophytes in the August samples.  Cyanophytes 
frequently develop high concentrations near the lake surface, where they may strongly 
reflect near-infrared light.  Near-infrared / red ratios determined from AVHRR 
(Advanced  Very High Resolution Radiometer) Channel 1 and 2 broad-band data (580-
680 nm, 720-1100 nm) have been used successfully to detect and map historical 
frequency of surface blooms in Lake Winnipeg (McCullough et al., 2001).  On the other 
hand, an alternative infrared / red ratio MODIS 858/645, which would allow 250 m-
resolution chlorophyll or surface bloom mapping, is a weak predictor (r2 = 0.31) of 
chlorophyll based on this data set. 
 
MERIS FLH is designed to measure a local positive deviation in the general water-
leaving radiance or reflectance spectrum due to sunlight-stimulated fluorescence of 
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chlorophyll-a.  The precise wavelength of the MERIS band created to detect 
fluorescence, 681.25, is a compromise between the characteristic wavelength of peak 
fluorescence, 685 nm, and the need to avoid an oxygen absorption maximum at 687 nm.  
MERIS FLH in the correlation analysis here was is shipboard spectral data subsampled to 
simulate MERIS bands at 665, 681 and 709 nm, where FLH is the difference between the 
value at the middle wavelength and a second value at the same wavelength determined by 
interpolation along a baseline between values at the lower and higher wavelengths.  
MODIS FLH is calculated in the same manner from MODIS data at 667, 678 and 748 
nm.   
 
A second local peak near the MERIS band at 709 nm is occasionally observed in either 
water-leaving radiance or surface reflectance.  Gower et al. (2005) have shown that this 
peak is best explained by green vegetation – either phytoplankton or macrophytes – 
concentrated at or very near the surface.  In Lake Winnipeg spectra it is a very 
characteristic feature over algal blooms concentrated near or at the surface (Figure 8).  It 
is the wavelength where sharply increasing chlorophyll reflectance is overcome by 
increasing absorption in water.  The peak shifts to the right with increasingly shallow 
concentrations, from about 700 nm where it is just visible over moderate algal 
concentrations in turbid water, to over 725 nm where algae are increasingly concentrated 
just under the surface.  This peak is the basis of the maximum chlorophyll index (MCI).  
MERIS MCI is calculated from MERIS bandwidth data at 681, 709 and 753 nm.   
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Figure 8. 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. 
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Of all band ratios and indices tested, MERIS FLH shows the highest correlation with chl 
a concentration, with r2 = -0.71 and –0.73 using water-leaving radiance and reflectance 
respectively (n = 98, mid-summer cruise data only, 2002-2004).  MODIS FLH, with r2 = 
-0.48 using reflectance data, is not as well correlated as the MODIS blue / green ratios 
531/551 (r2 = -0.53).  However, neither relationship is either simply linear or log-linear.  
Some improvement in correlation is obtained using polynomial regressions, which will be 
described in a subsequent section.  Also, the correlation between FLH and chl a is 
inverse.  Both the non-linearity of the relationship and the inverse correlation are contrary 
to the expected relationship (Gower et al. 1999) where FLH is determined by chl a 
fluorescence at and near 685 nm, and increases linearly with increasing chl a 
concentration.  This inverse relationship appears to be explained by local maxima in 
absorption spectra particular to cyanophytes, and will be discussed at length later in this 
document. 
 
At r2 = 0.67 and r2 = 0.68 using water-leaving radiance and reflectance respectively, 
MERIS MCI is nearly as well correlated with chl a as MERIS FLH.  The relationship is 
positive, as expected.  No equivalent to MCI is routinely calculated using MODIS data, 
although a roughly analogous index can be constructed using MODIS values at 645 or 
678 nm together with values 748 and 858 nm.  When calculated from reflectance data, it 
returns a significant but weak correlation with chl a, with r2 = 0.40 to 0.43.  When 
calculated from radiance data, the correlation (r2 ≤ 0.29) is so weak that no useful chl a 
prediction is possible. 
 

Polynomial regression equations 
 
General linear models were used above to compare the power of several band ratios and 
chlorophyll indices to predict in situ chlorophyll concentration.  In fact, for the simulated 
MERIS indices tested with this data set, polynomial equations better represent the 
relationship with chl a.  Figures 9-11 show of chl a as a function of MERIS FLH and 
MCI, and MODIS FLH, and observed versus predicted chl a using best fit equations.  
Regression coefficients are listed in Table 2. 
 
For both MERIS FLH and MCI, the error in chl a estimation is decreased through most of 
the range by using reflectance compared to water-leaving radiance.  Since, all radiance 
values were normalized to a solar zenith angle of 0o and a constant earth sun distance, it 
is not obvious why this should be the case.  It may in part be due to spectral dependence 
of at-surface downwelling radiance on solar zenith angle, although this data set represents 
only a modest range of solar zenith angles, from 28o to 49o.  It may also be due to 
instrumental error.  Water-leaving radiances are a simple instrumental measure and 
depend on absolute accuracy of recorded radiance data.  Reflectance data are not.  
Because reflectance data are calculated from radiance observations recorded within 
moments of each other using the same sensor and fibre-optic light path – dividing 
upwelling by downwelling radiance – they are automatically corrected for errors in 
absolute calibration of the sensor array.  (In this analysis, reflectance measurements are 
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also corrected for non-Lambertian reflectance of the white reference panel.)  Spectrally-
dependent errors in absolute radiance were probably introduced because optical signals 
were carried through a 10 m fibre-optic extension cable which could not be detached and 
re-attached without some variation in measured radiance.  In that case, the larger error in 
chl a estimation by water-leaving radiance is partly instrumental, in addition to any 
environmental considerations.  In any case, because all data were recorded via a sensor 
only 4 m above the water surface, the error cannot be ascribed to the difficulty of 
obtaining accurate measure of atmospheric contribution to the radiance signal over water 
with high and widely varying spectral reflectance, as is a reasonable concern when using 
exo-atmospheric optical data.  Because this potential source of error is removed from the 
shipboard reflectance data, but not from the water-leaving radiance data, the former 
should provide a better indication of the relative accuracy of chl a prediction by various 
ratio and difference indices calculated from exo-atmospheric radiance. 
 
With both MERIS indices, second degree polynomial equations best describe the chl a – 
reflectance relationship through a range of chl a from <1 to >100 mg m-3 (lower left, 
Figures 9, 10).  Overall,  MERIS FLH provides best fit between observed and predicted 
values throughout the range of the sample (Figure 9).  Moreover, FLH returns the best 
estimate of chlorophyll concentration at the low end of the range of interest, 1 < chl a < 
10 mg m-3.  Compare the two upper plots in Figure 13.  For MERIS FLH, most points are 
clustered near the 1:1 line; for MERIS MCI, points tend to be grouped either above or 
below the 1:1 line, but not on it.  That FLH is a better estimator of chl a at low 
concentrations is not unexpected. MCI relies on marginally longer wavelength light than 
FLH, and so returns an optical signal from a shallower layer in the water column. At 
lower chlorophyll concentrations, much of the depth range from which optical 
information is returned to FLH is invisible to MCI.  This difference in optical depth 
sensed by the two indices decreases with increasing chlorophyll concentration because 
the significance of scattering by algal cells increases in proportion to the significance of 
absorption by water and algae.  Hence, while compared to FLH, MCI is a weak estimator 
of chl a at low concentrations, it is nevertheless as successful at higher concentrations as 
is FLH.  For 10 <chl a < 50 mg m-3, MERIS FLH and MCI predict chl a with R.M.S.E.s 
of 13.5 and 13.6 mg m-3respectively (n=15). 
 
The relationship between chl a and MODIS FLH is less well defined.  Below chl a = 10 
mg m-3, there is no correlation with MODIS FLH.  Note that the range of MODIS FLH is 
much smaller than the range of MERIS FLH – roughly -0.008 to +0.007 for MODIS, and 
-0.035 to +0.005 for MERIS – so that measurement errors must figure more prominently 
(lower left in Figures 9 and 11).  Polynomial regression returns a local minimum in the 
chlorophyll-FLH curve which does not appear reasonable based on graphical inspection 
of the data (Figure 11).  The reversal of the relationship causes a bifurcation of the 
predicted values at low chl a, where most estimates are either negative (impossible) or 
strongly over-predicted (10-20 mg m-3 for observed 1-10 mg m-3) and relatively few lie 
near the 1:1 line (lower left, Figure 13).  Unfortunately, the alternative form suggested by 
the distribution of the data, exponential (log chl a versus linear FLH), is forced by the 
distribution of low chl a values to an exponential slope that underestimates large chl a 
(Figure 12 and lower right, Figure 13).  Regardless of which form is used, the coefficient 
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of determination for prediction of chl a by MODIS FLH, with r2 = 0.42 or r2 = 0.48 for 
polynomial or exponential equation respectively, is much lower than for prediction of chl 
a by MERIS FLH, with r2 = 0.75 (with both MODIS and MERIS FLH calculated from 
reflectance data).  Nonetheless, between the two indices there is not a great difference in 
the mean errors (Table 3).  In fact, at higher chl a in this data set, MODIS FLH performs 
better than MERIS FLH; over the range 10 < chl a < 50 mg m-3, the R.M.S.E. for 
prediction by MODIS FLH is 10.4 mg m-3; compared to 13.5 mg m-3 by MERIS FLH. 
  
Table 2.  Coefficients (with probabilities) for 2nd degree polynomial regression of chl a on MERIS 
FLH and MCI, and MODIS FLH (Type=Poly.) and for exponential regression for the MODIS FLH 
(Type=Exp.) recorded 4 m above the surface of the lake.  for regression of chl a on MERIS FLH and 
MCI, and MODIS FLH calculated from normalized water-leaving radiance (rad.) and reflectance 
(refl.) recorded 4 m above lake surface.  Regressions were calculated from August cruise data, 2002-
2004.  n=98 for all regressions. 

Sensor Index Type Data Intercept P(int.) b P(b) b2 P(b2) 
rad. 5.8700 0.000 -20508 0.000 -27974 0.010 FLH Poly. 
refl. 5.6142 0.000 -1603 0.000 44879 0.001 
rad. -0.0360 0.979 10050 0.000 -20784 0.089 

MERIS 
MCI Poly. 

refl. 1.2017 0.281 541 0.000 26522 0.000 
rad. 17.3234 0.000 -27765 0.000 29848 0.028 Poly. 
refl. 18.3702 0.000 -3921 0.000 30835 0.019 
rad. 0.9236 0.000 -736 0.000   

MODIS FLH 
Exp. 

refl. 0.9912 0.000 -120 0.000   
 
Table 3.  Statistics for regression of chl a on MERIS FLH and MCI, and MODIS FLH calculated 
using regression data reported in Table 2.   R.M.S.E. is calculated for estimated-minus-observed chl 
a in a subsample with 5<chl a<32 mg m-3 (n = 48).  Units of S.E. and R.M.S.E. are mg m-3 chl a, 
except for exponential regressions, for which units of S.E. are log(mg m-3 chl a).  Other information 
regarding the regression calculation is reported in Table 2. 

Sensor Index Type Data r2 S.E. R.M.S.E P(regr.) 
rad. 0.72 10.1 10.6 0.000 FLH Poly. 
refl. 0.75 9.6 7.2 0.000 
rad. 0.67 11.0 11.5 0.000 

MERIS 
MCI Poly. 

refl. 0.84 7.6 8.3 0.000 
rad. 0.40 14.9 8.2 0.000 Poly. 
refl. 0.42 14.6 8.6 0.000 
rad. 0.33 0.39 6.8 0.000 

MODIS FLH 
Exp. 

refl. 0.48 0.34 8.6 0.000 
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Figure 9.  Chl a prediction by polynomial regression on MERIS FLH simulated from optical data 
recorded ~4 m above water surface.   Upper row:  FLH from measured water-leaving radiance.  
Lower row:  FLH from calculated reflectance.   August cruise data, 2002 to 2004, were used to 
calculate polynomial regression.   Negative estimated chl a are plotted on the ordinate axis. 
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Figure 10.  Chl a prediction by polynomial regression on MERIS MCI simulated from optical data 
recorded ~4 m above water surface.   Upper row:  MCI from measured water-leaving radiance.  
Lower row:  MCI from calculated reflectance.   August cruise data, 2002 to 2004, were used to 
calculate polynomial regression.   Negative estimated chl a are plotted on the ordinate axis. 
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Figure 11.  Chl a prediction by polynomial regression on MODIS FLH simulated from optical data 
recorded ~4 m above water surface.    Upper row:  FLH from measured water-leaving radiance.  
Lower row:  FLH from calculated reflectance.   August cruise data, 2002 to 2004, were used to 
calculate regressions.   Negative estimated chl a are plotted on the ordinate axis.  
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Figure 12.  Chl a prediction by exponential regression on MODIS FLH simulated from optical data 
recorded ~4 m above water surface.    Upper row:  FLH from measured water-leaving radiance.  
Lower row:  FLH from calculated reflectance.   August cruise data, 2002 to 2004, were used to 
calculate regressions.   
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Figure 13.  Expanded plot showing estimated versus observed chl a for the range 0<chl a<50 mg m-3, 
where prediction is by second degree polynomial regression on MERIS FLH and MCI, and MODIS 
FLH, and by exponential regression on MODIS FLH (lower right).  August cruise data, 2002 to 2004, 
were used to calculate regressions.   
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FLH from MODIS TOA reflectance data 
 
Although few in situ observations in Lake Winnipeg are matched with the MERIS data 
made available for this study, numerous MODIS images match with near-simultaneous in 
situ water quality observations, so that chl a concentrations derived from MODIS FLH 
can be tested.   
 
Sixteen MODIS images were retrieved for the period 2002 – 2004 for which there exist 
in the Fisheries and Oceans database at least one in situ observation made in a cloud-free 
region and within 3.5 h of the overpass time (Table 4).  (Observations < 3.5 h from the 
overpass time have been accepted from a potentially larger data set.)  In all this set 
comprises 86 paired cloud-free MODIS – in situ observations.  All images were recorded 
by the sensor on the Terra satellite.  Average overpass – in situ observation time 
difference is 1.5 h (s.d. = 1.0 h, min. = 0.0 h, max. = 3.5 h, n=86).   
 

Table 4.  Times of MODIS images used in paired MODIS – in situ analysis. 

Overpass Time 
(CDT) 

Number of 
observations 

2003 Aug 08 12:35 11 
2003 Aug 17 12:30 3 
2004 Jul 26 13:20 2 

2004 Aug 03 12:30 3 
2004 Aug 13 13:05 6 
2004 Oct 06 12:30 1 
2004 Oct 09 13:00 1 
2004 Oct 11 12:50 1 
2002 Jun 21 13:10 4 
2003 May 31 12:20 6 
2003 Jun 01 13:00 2 
2003 Jun 13 13:25 9 
2003 Jun 14 12:30 17 
2004 Jun 05 12:50 4 
2004 Jun 16 12:30 11 
2004 Jun 18 12:20 5 

 
MODIS 1 km Level 1B data were processed to top-of-atmosphere reflectance 
[TOA(refl.)] and MODIS FLH was calculated from high gain records for bands at 667 
and 678 nm (MODIS 13h and MODIS 14h) and the 748 nm band (MODIS 15).  
TOA(refl.) was calculate, rather than radiance, as a better match with FLH simulated 
from shipboard reflectance spectra.  Moreover, correlation surface reflectance-derived, 
simulated FLH was more highly correlated with chl a was water-leaving radiance-
derived, simulated FLH (Table 1). 
 
July – October MODIS FLH from TOA(refl.) data are correlated with chl a; indeed the 
coefficient of determination, r2 = 0.66 (P = 0.000, n = 26) is higher for the TOA(refl.)-
derived FLH than for the simulated FLH derived from either water-leaving radiance or 
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surface reflectance measured by shipboard spectrometer (r2 = 0.38 and r2 = 0.48 
respectively, Table 1).  As with simulated FLH from surface reflectance data, FLH from 
TOA(refl.) are not correlated with chl a recorded in the spring, although most of the data 
lie within the general band formed by the July – October data (upper plot, Figure 14).   
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Figure 14.  Upper plot:  Chl a prediction by MODIS FLH from top-of-atmosphere reflectance data.  
Regression and trend line are calculated from July-October data only.   Lower plot:  FLH from 
TOA(refl.) are as in left panel, compared with chl a prediction by MODIS FLH simulated from 
surface reflectance data. 

 
 
The distribution of chl a versus FLH derived from TOA(refl.) in chl a – FLH space for 
the most part overlaps the distribution of chl a versus FLH derived from surface 
reflectance.  The exponential trend line for the FLH using TOA(refl.) has a lower slope 
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than the trend for FLH using surface reflectance data, so that regression based on FLH 
derived from surface reflectance data but applied to FLH derived from TOA(refl.) data 
would be expected to underestimate chl a at high values (lower plot, Figure 14). 

FLH, MCI and Chl a in Lake Winnipeg 
 
Figures 16 – 19 show maps of chl a concentration in Lake Winnipeg on 15 August 2003, 
where the concentrations are estimated using MERIS FLH and MCI, recorded at 12:07 
CDT, and MODIS FLH, with overpasses at 12:40 and 14:45 CDT.  MODIS FLH was 
calculated using  FLH calculation high gain bands 13h (667 nm) and 14h (678 nm), and 
band 15 (745 nm).   
 
I have included a MERIS band 5 (560 nm) image (Figure 15) to indicate the general 
turbidity distribution in Lake Winnipeg on the day of the chl a mapping shown in the 
subsequent figures.  Increasing band 5 reflectance (increasing brownness in Figure 15) is 
a good indicator of increasing turbidity. The highest tripton concentrations on 15 August 
were in shallow bays along the west side of the Narrows region, where turbidity would 
have been determined largely by sediments resuspended from the bottom by wind-driven 
turbulence.  In the Narrows region, very high band 5 reflectance due to inorganic 
sediments is bounded by a zone of intermediate band 5 reflectance (light blue) that FLH 
and MCI analysis indicates is due to very high concentrations of chlorophyll, and 
therefore, of algae.  Similar intermediate band 5 reflectance marks a broad band along the 
east shore of the North Basin, and also in the southern part of the South Basin, where 
FLH and MCI analysis again indicate high concentrations of algae.  The lowest band 5 
reflectances lie along the west shore, and in the far offshore region, of the North Basin, 
and mark the lowest turbidity in the lake. 
 
The most dramatic difference between MERIS and MODIS-derived chl a maps is not 
surprisingly due to the higher spatial resolution of the MERIS imagery (300 m for 
MERIS compared to 1 km for MODIS).  These images show MERIS to particular 
advantage in displaying circulation patterns enhanced by differences in algal 
concentrations in different water masses.  Two gyres, one to the SE of Long Point (9, in 
Figure 17) and another  east of Reindeer Island (10) that are obvious in the MERIS-
derived chl a maps are almost invisible in the MODIS derived maps (Figures 18 and 19).   
 
The higher spatial resolution of the MERIS data is a significant advantage as well regions 
with islands or highly developed shorelines.  In Figure 21, an intense blooms just off the 
NW shore of Berens Island is clearly distinguishable from the island itself in the chl a 
map derived from MERIS FLH.  In this case, the intense algal bloom detected by MERIS 
FLH is entirely within the larger, and shore-adjacent MODIS pixels, so that we cannot 
know whether high apparent chl a concentration near shore is indeed due to a high 
concentration of algae, or is due to mixed lake and land contributions to the pixel mean 
spectral reflectance.   
 
In general, similar regions of high chl a concentrations are apparent in all maps, whether 
derived from MERIS FLH or MCI, or from MODIS FLH.  In particular patches of high 
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concentration SW of Berens Island (1 in Figure 16), along most of the east shore of the 
North Basin (2), and across the north end of the lake (3) appear on all 4 maps.  For the 
most part, these high chl a patches are in regions of moderate turbidity (Figure 15) – 
where indeed, the turbidity is most likely due to very high concentrations of algae in 
near-surface waters.   
 
In more turbid area in the Narrows region and the South Basin, however, several patches 
identified as high chl a by MERIS (both FLH and MCI) are not so identified by MODIS 
FLH.  MERIS FLH and MCI-derived chl a are high (10 – 40 mg m-3) in much of southern 
half of the South Basin (4) where MODIS FLH identifies only a moderately elevated chl 
a (mostly in the range 5 – 20 mg m-3).  More seriously, MODIS returns unrealistically 
low or high values in the very turbid bays along the west side of the Narrows region (5 – 
7) – off scale in Figures 18 and 19.  Figure 20 shows an expanded view of the region.  
MODIS FLH calculated from the surface reflectance data set ranges roughly from -.008 
to +0.007 (e.g. Figures 11 and 12).  In the areas of greatest turbidity, FLH is mostly 
greater than 0.02, yielding negative chl a values.  On the edges of these most turbid 
regions, in areas of intermediate turbidity, FLH is frequently less than 0.01, yielding chl a 
values as high as 600 – 700 mg m-3.  Very low FLH is particularly persistent in the 
narrow turbid plume running near the east shore at the north end of the Narrows region 
(8) but there are also patches of very low FLH further south which are not associated with 
noticeably higher turbidity than the surrounding waters. 
 
Generally, the MERIS FLH and MCI-derived chl a maps do not exhibit like anomalies 
(e.g. Narrows region map of chl a derived from MERIS FLH also shown in Figure 20).  
The two indices may, however, be more subtly affected by whatever causes these 
anomalous data in MODIS FLH.  At least, chl a maps derived from the two MERIS 
indices are not consistent in the turbid bays.  In the southern area (7) both indices yield 
similarly moderate to high chl a , but at the south end of the northern bay (5) and in the 
middle bay (6) FLH yields low chl a relative to MCI, but  
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Figure 15.   MERIS Band 5 (560 nm) TOA reflectance, used here as an indicator of relative turbidity 
from dark blue = low through blue-green and yellow-brown to red-brown = high.    
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Figure 16.  Chlorophyll-a by estimated by MERIS FLH.  Lake Winnipeg at 12:07 CDT 15 August 
2003.  Colour scale in mg m-3 chl a.    
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Figure 17.  Chlorophyll-a by estimated by MERIS MCI.  Lake Winnipeg at 12:07 CDT 15 August 
2003.  Colour scale in mg m-3.   

MERIS/MODIS chlorophyll prediction in L Winnipeg     G. McCullough 29  



 

 
 
 

 

 
Figure 18.  Chlorophyll-a by estimated by MODIS FLH.  Lake Winnipeg at 12:40 CDT 15 August 
2003.  Colour scale in mg m-3.   
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Figure 19.  Chlorophyll-a by estimated by MODIS FLH.  Lake Winnipeg at 14:25 CDT 15 August 
2003.  Colour scale in mg m-3.    
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Figure 20.  MODIS band 4 (551 nm, upper left), FLH (lower left) and chl a derived from MODIS 
FLH (lower right) in the Narrows region of Lake Winnipeg.  Both maps are shown with expanded 
tonal scales to illustrate unrealistically low and high FLH and chl a determined in some very turbid 
waters.  Upper right:  Chl a estimated by MERIS FLH, with colour scale as in Figure 16. 

MERIS/MODIS chlorophyll prediction in L Winnipeg     G. McCullough 32  



Chl a by MERIS, MODIS and Fluoroprobe  
 
Few in situ observations in Lake Winnipeg are matched with the MERIS data made 
available for this study, so that a direct validation of chl a concentrations derived from 
MERIS FLH or MCI is impossible.  However, both MERIS and MODIS images are 
available for the afternoon of 15 August 2003, when a Fluoroprobe was used to estimate 
chlorophyll concentrations along a transect roughly between Berens and Matheson Island 
in the Narrows region of the lake.  The location of the transect is shown in Figure 21.   
 
The transect began in relatively clear, DOC-rich water where a surface bloom appeared to 
be developing.  Through the morning, while the ship was at anchor off Berens Island, the 
surface waters had become increasingly green to the eye as algae accumulated near the 
surface.  As the ship got underway (12:45 CDT, 52.35o N) few if any cells were floating 
on the surface, but a surface mat may well have developed after the ship left the area.  
From Berens Island southward, the ship followed a course between a turbid (sediment 
rich) plume to the left and relatively clear, but algae-rich water to the right.  At about 
15:00 CDT (51.95o N; data are identified by latitude in Figure 23, below) it crossed a 
boundary into relatively turbid water, which continued to Matheson Island.  Also, a light 
breeze developed.  At 13:45 (52.17o N) the surface was still near calm, but by 15:00 CDT 
0.5-0.7 m waves had developed.  The MERIS image retrieved for this day was recorded 
at 12:07 CDT, with the ship at anchor near Berens Island (52.35o N) and two MODIS 
images, at 12:40 CDT (ship still at 52.35o N) and 14:25 (ship at 52.06o N).   
 
The Fluoroprobe sampled water piped from an intake just ahead of the ship’s bow wave, 
and roughly 0.1-0.4 m below the water surface.  It recorded data at 5 min intervals.  Here, 
I use the algal biomass output (estimated from fluorescence at 5 excitation wavelengths, 
using manufacturer-supplied coefficients) corrected by regression on time-matched chl a 
observations.  Fluoroprobe-derived algal biomass estimates chl a with an S.E. of 13.9 mg 
m-3 (r2 = 0.57; n = 245 with 3 outliers removed from the data set; Figure 22).  It is of 
interest to note that both MERIS and MODIS chlorophyll indices, as simulated shipboard 
reflectance spectra, all with S.E. ranging from 7.6 – 14.9 mg m-3 (Table 3) perform as 
well or better than the Fluoroprobe as estimators of chl a by the HPLC method.  It should 
be borne in mind in that although chl a determined using the Fluoroprobe is treated as a 
standard in the discussion below, it is actually at best a guide, and small differences, at 
least, may be due to error in either or both variables.  On the other hand, at the one station 
sampled along the transect, chl a by the HPLC method matches the local Fluoroprobe 
value quite well (HPLC chl a = 58.8 mg m-3 versus Fluoroprobe chl a = 55.7 mg m-3 at 
52.16o N in Figure 23). 
 
Figure 23 shows chl a extracted from maps derived from MERIS FLH and MCI, and 
from both MODIS FLH images (Figures 16 – 19) plotted by latitude, together with chl a 
derived by regression from Fluoroprobe algal biomass values. Through the first 20 km (to 
52.18o N), chl a was constantly about 80 mg m-3 ; then over the second 20 km(to 52.08o 
N) it gradually decreased to plateau again at 10 – 20 mg m-3.  Finally, at about 51.9o N – 
where the ship crossed into more turbid water – the concentration dropped again, to 
roughly 4 – 6 mg m-3 through the rest of the transect. 
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Through the range 5 < chl a < 20 mg m-3, chl a by both MERIS and MODIS returns very 
nearly the same longitudinal pattern as chl a by Fluoroprobe.  However, MODIS FLH in 
both overpasses greatly under-predicts chl a by Fluoroprobe.  Maximum values are only 
30 – 40 mg m-3, compared to 80 mg m-3 by Fluoroprobe.  This relative under-prediction is 
apparent, too, in the chl a maps.  In Figure 21, in the MODIS-derived map, the highest 
chl a generally are 40-60 mg m-3.  In the MERIS-derived map, the highest chl a in the 
same region (SW of Berens Island) are > 100 mg m-3. 
 
MERIS FLH also under-predicts the peak chl a, although at 40-60 mg m-3, much less 
severely.  Although at the north end of the transect, chl a by MERIS MCI is very highly 
scattered, it is overall the best estimator of high chl a, averaging 68 mg m-3 in the region 
where chl a by Fluoroprobe averages near 80 mg m-3.  The higher scatter of the MCI, 
compared to FLH may be due to the sensitivity of the slightly longer wavelengths to 
variability in depth distributions of the algae, in particular when concentrated very near 
the surface, as it was observed to be near Berens Island.  However, it was also observed 
at the time that both the MERIS image (12:07 CDT) and the first MODIS image (12:40 
CDT) were recorded, that although the water was visibly very green and algae were 
dense just under the surface, there were no floating algal cells.  It appears, then, that high 
spatial variability of the MCI may occur at high near-surface chlorophyll concentrations 
even without the development of mats on the surface. 
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Figure 21.  Chl a concentration estimated by MERIS FLH (above) and MODIS FLH (below) in the 
Berens-Matheson Island region.  Dots show locations of Fluoroprobe observations.  Units:  mg m-3. 
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Figure 22.  Chl a (HPLC method) as a function of estimated chlorophyll biomass determined in situ 
by Fluoroprobe.  Trend line shown is for a linear relationship.  Blue squares indicate 3 outliers 
excluded from the regression calculation. 
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Figure 23.   Transect from Berens Island to Matheson Island, showing chl a estimated by 
Fluoroprobe compared with chl a estimated by MERIS FLH and MCI, and by MODIS FLH.  One 
chl a concentration determined by HPLC analysis is also shown.  Fluoroprobe transect was from 
12:57 to 16:18 CDT.  MERIS overpass was at 12:07 CDT.  MODIS overpasses were at 12:40 and 
14:25 CDT. 

 

MERIS/MODIS chlorophyll prediction in L Winnipeg     G. McCullough 37  



Negative FLH over cyanophyte communities 
 
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 at 681 nm (MERIS FLH 
wavelength) or 678 nm (MODIS FLH wavelength) (e.g. Gower et al., 1999).  (Both 
MERIS and MODIS use wavelengths slightly lower than that of peak chlorophyll-a 
fluorescence to avoid a local minima at 687 nm that occurs in the earth surface irradiance 
spectrum due to absorption by oxygen in the atmosphere.)  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.  To define the shorter wavelength end of the baseline, both 
instruments use a band very near the fluorescence peak, 665 and 667 nm for MERIS and 
MODIS respectively.  In MERIS, the longer wavelength selected to define the baseline is 
709 nm, as near as possible to the fluorescence peak.  In MODIS, the second baseline-
defining band is spaced further from the peak, at 748 nm. 
 
Unfortunately, reflectance spectra characteristic of one of the dominant algal groups in 
Lake Winnipeg, the cyanophytes, 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 24 and 25 show reflectance spectra recorded over a near monoculture of 
Aphanizomenon flos-aquae compared with reflectance spectra recorded over mixed 
bacillariophyte-cryptophyte populations.  In neither case of   spectra did the algae 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). 
 
The reflectance peak at 650 nm lies between and is explained by separate absorption 
peaks at about 635-637 nm and 678 nm (Figure 25 and 27).   The latter phycoeritherin 
absorption peak is well known, and ranges from 675-680 nm (in vivo) in most algae.  The 
lower wavelength peak is due to phycocyanin, a protein characteristic of cyanophytes, 
with an in vivo absorption peak at 625-630, and possibly allophycocyanin, which has an 
in vivo absorption peak at 645-650 nm.  Wildman and Bowen (1974) found that in 
Aphanizomenon flos-aquae,  the chlorophyll-a in vivo absorption peak is at 678 nm, and 
the phycocyanin peak at 635 nm.  In the same study, they reported the two absorption 
minima to be 677-679 and 628-630 for two species of Anabaena, another algae common 
in mid- and late-summer assemblages in Lake Winnipeg.  Gittleson et al. (1999) 
presented paired reflectance and attenuation spectra for Anaebaena sp. at various 
concentrations in which attenuation peaks at approximately 630 and 675 nm 
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(corresponding to Wildman and Bowen’s absorption peaks) are clearly matched by local 
minima in the reflectance spectra.  Absorption spectra for both Aphanizomenon flos-
aquae and Anabaena sp. (De Nobel et al. 1998) presented show similar absorption 
spectra patterns at 620-680 nm, both marked by absorption peaks at approximately 630 
and 675 nm.  Either genera would well explain the 678 nm and 635-637 nm reflectance 
minima observed over cyanophyte-dominant phytoplankton communities in Lake 
Winnipeg.   
 
As illustrated in Figures 24 and 25, 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 5 and 6 4).  
Increasingly negative FLH with increasing cyanophyte 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.  It is not clear that this inverse relationship carries through to the  
bacillariophyte-cryptophyte assemblages.  Since these communities dominate the algal 
community in the lake until as late as early July, it is should not be surprising if the 
regression slopes dominated by the more intensely concentrated mid- to late summer 
cyanophyte assemblages will not predict the bacillariophyte-cryptophyte concentrations 
particularly well.  This difference in spectral patterns in the region of FLH (and to some 
extent MCI) probably explains the anomalous relationships shown by the June data in 
Figures 16 – 19.  The Centre for Earth Observations Science, University of Manitoba and 
the Canadian Department of Fisheries and Oceans, Winnipeg, are currently involved in 
studies aimed at distinguishing these two major assemblages in Lake Winnipeg. 
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Figure 24.   Spectra showing typical shapes for cyanophyte-dominant and bacillariophyte-dominant 
algal 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 5.   In situ water quality data associated with the two spectra in Figure 24, 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 25.   Spectra showing typical shapes for cyanophyte-dominant and bacillariophyte-dominant 
algal communities (99% cyanophytes – 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 6.   In situ water quality data associated with the two spectra in Figure 25, 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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Figure 26.  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). 
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Figure 27. Reflectance and attenuation spectra of an Anabaena sp. culture at various concentrations.  
After Gittleson et al. (1999). 

 
 
 
 
 
 

MERIS/MODIS chlorophyll prediction in L Winnipeg     G. McCullough 43  



Acknowledgements 
 
I thank Mike Stainton of the Canadian Department of Fisheries and Oceans for providing 
much of the water quality data used in this analysis, and Hedy Kling of Algal Taxonomy 
and Ecology, who provided the taxonomic information. 
 

MERIS/MODIS chlorophyll prediction in L Winnipeg     G. McCullough 44  



References 
 

De Nobel, W. T., H. C. P. Matthijs, E. von Elert and L. R. Mur.  1998.  Comparison of 
the Light-Limited Growth of the Nitrogen-Fixing Cyanobacteria Anabaena 
and Aphanizomenon.  New Phytologist.  138(4):579-587. 

Gitelson, A.A., J.F. Schalles, D.C. Rundquist, F.R. Schiebe and Y.Z. Yacobi.  1999.  
Comparative reflectance properties of algal cultures with manipulated 
densities.  J. of Applied Phycology.  11:345-354.  

Gower, J.F.R., R. Doerffer and G.A. Borstad.  1999.  Interpretation of the 685 nm peak in 
water-leaving radiance spectra in terms of fluorescence, absorption and 
scattering, and its observation by MERIS.  Int. J. Remote Sensing.  
20(9):1771-1786.  

Gower, J., S. King, G. Borstad and L. Brown.  2005.  Detection of intense plankton 
blooms using the 709 nm band of the MERIS imaging spectrometer.  Int. J. 
Remote Sensing.  26(9):2005-2012. 

Leshkevich, G.A.  1988.  Goniometric measurements of a spray-painted barium sulfate 
reference panel.  Rem. Sens. Environ., 12:287-296. 

McCullough, G.K.  2006.  Chlorophyll Mapping using MODIS/MERIS imagery over 
Case 2 Waters, Lake Winnipeg.  Report to the Canadian Department of 
Fisheries and Oceans, Winnipeg, Canada.  33 p. 

McCullough, G.K., K. Hochheim and P. Cooley.  2001.  Retrospective study of 
suspended sediment patterns on Lake Winnipeg using NOAA AVHRR 
satellite imagery.  Report to the Canadian Department of Fisheries and 
Oceans, Winnipeg. 

MODIS Characterization Support Team (G.N. Toller, a. Isascman and J. Kuyper).  2006.  
MODIS Level 1B Product User’s Guide for Level 1B Version 5.0.6 (Terra) 
and Version 5.0.7 (Aqua).  NASA/Goddard Space Flight Center, Greenbelt, 
MD v+52 pp. 

O’Reilly, J.E., S.Maritorena, B.G. Mitchell, D.A. Spiegel, K.L. Carder, S.A. Garver, M. 
Kahru and C. McClain.  1998.  J. of Geophys. Res.  103(C11):24937-24953 

Stainton, M.P., M.J. Capel and F.A.J.Armstrong. 1977. The Chemical Analysis of Fresh 
Water. Canadian Department of Fisheries and Marine Services Special 
Publication 25. 2nd ed. 180 p. 

Wildman, R.B. and C.C. Bowen.  1974.  Phycobilisomes in blue-green algae.  J. of 
Bacteriology 117(2):866-881. 

MERIS/MODIS chlorophyll prediction in L Winnipeg     G. McCullough 45  


	Executive summary 
	 
	Introduction 
	Geographic features of the study region 
	Algal community distributions 
	 Methods 
	Water quality parameters 
	Water-leaving radiance and remote sensing reflectance 
	Simulated FLH and MCI 
	MERIS and MODIS data 

	 Results and discussion 
	 
	Correlations between band ratios and indices and chlorophyll 
	Polynomial regression equations 
	 FLH from MODIS TOA reflectance data 
	FLH, MCI and Chl a in Lake Winnipeg 
	 Chl a by MERIS, MODIS and Fluoroprobe  
	Negative FLH over cyanophyte communities 

	 Acknowledgements 
	 References 


