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A B S T R A C T

Using satellite imagery to quantify the spatial patterns of cyanobacterial toxins has several challenges.

These challenges include the need for surrogate pigments – since cyanotoxins cannot be directly

detected by remote sensing, the variability in the relationship between the pigments and cyanotoxins –

especially microcystins (MC), and the lack of standardization of the various measurement methods. A

dual-model strategy can provide an approach to address these challenges. One model uses either

chlorophyll-a (Chl-a) or phycocyanin (PC) collected in situ as a surrogate to estimate the MC

concentration. The other uses a remote sensing algorithm to estimate the concentration of the surrogate

pigment. Where blooms are mixtures of cyanobacteria and eukaryotic algae, PC should be the preferred

surrogate to Chl-a. Where cyanobacteria dominate, Chl-a is a better surrogate than PC for remote

sensing. Phycocyanin is less sensitive to detection by optical remote sensing, it is less frequently

measured, PC laboratory methods are still not standardized, and PC has greater intracellular variability.

Either pigment should not be presumed to have a fixed relationship with MC for any water body. The MC-

pigment relationship can be valid over weeks, but have considerable intra- and inter-annual variability

due to changes in the amount of MC produced relative to cyanobacterial biomass. To detect pigments by

satellite, three classes of algorithms (analytic, semi-analytic, and derivative) have been used. Analytical

and semi-analytical algorithms are more sensitive but less robust than derivatives because they depend

on accurate atmospheric correction; as a result derivatives are more commonly used. Derivatives can

estimate Chl-a concentration, and research suggests they can detect and possibly quantify PC. Derivative

algorithms, however, need to be standardized in order to evaluate the reproducibility of parameteriza-

tions between lakes. A strategy for producing useful estimates of microcystins from cyanobacterial

biomass is described, provided cyanotoxin variability is addressed.
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1. Introduction

Toxic cyanobacterial blooms are increasingly a public health
and water management concern. These blooms occur globally,
causing animal deaths, human health risks, expenses to public
water suppliers and a nuisance to environmental and recreational
management communities (Chorus and Bartram, 1999; Ibelings
et al., 2014). The variety of cyanotoxins produced by cyanobacteria
includes hepatotoxins (e.g. microcystins, cylindrospermopsin),
and neurotoxins (e.g. anatoxins and saxitoxins). Microcystins (MC)
are the most common, and are produced by the ubiquitous
cyanobacterium, Microcystis aeruginosa, as well as several other
cyanobacterial genera (O’Neil et al., 2012; Pearson et al., 2016).
Identifying the presence and distribution of cyanotoxins in lakes
and reservoirs will benefit water suppliers and public health
managers.

Numerous studies have evaluated or applied remote sensing as
a means of mapping, evaluating, or monitoring cyanobacterial
blooms. These studies have proposed a variety of algorithms for
detecting or quantifying cyanobacterial blooms with different
sensors (see reviews by Kutser, 2009; Matthews, 2011; Sass et al.,
2007). Satellites have been used for retrospective evaluation of
cyanobacterial blooms (Binding et al., 2013; Kahru and Elmgren,
2014; Matthews et al., 2012; Moradi, 2014; Palmer et al., 2015b;
Stumpf et al., 2012; Wynne et al., 2010), and as part of monitoring
programs (Gómez et al., 2011; Wynne et al., 2013b; Zhang and
Duan, 2008). Not all strains of Microcystis and other cyanotoxin-
producing taxa produce cyanotoxins (O’Neil et al., 2012), therefore
maps of bloom intensity cannot be assumed to translate to valid
maps of cyanotoxin distribution.

Of the several cyanotoxins, MCs are the most understood and
the most commonly monitored. Microcystins are not pigments and
do not absorb visible or near-infrared (NIR) light (Al-Ammar et al.,
2013), so remote sensing cannot directly detect them. Mapping
MCs with remote sensing will then require a dual-model strategy:
(1) characterizing a relationship between the cyanotoxin and a
surrogate pigment that can be reliably detected by satellite and (2)
establishing the relationship between satellite observations and
the surrogate. This concept has been used in other remotely sensed
applications for aquatic environments. One of the simplest
examples involves estimating salinity in coastal waters using
colored dissolved organic matter (CDOM) (D’sa et al., 2002;
Salisbury et al., 2011). Satellite-derived optical properties are also
used as input to more sophisticated models; for example, those for
primary productivity use chlorophyll-a (Chl-a) and light attenua-
tion estimates as inputs (Behrenfeld et al., 2006). A dual-model
approach for MCs was presented by Shi et al. (2015) for Lake Taihu,
China. They used a satellite model to estimate Chl-a, and then used
a few weeks of field data to establish a fixed relationship between
MC and Chl-a. They recognized that this relationship would be
unlikely to apply to other lakes because of known variations in the
relationship between MC and Chl-a (Ha et al., 2011; Shi et al.,
2015); although they proposed that this relationship should apply
routinely for Lake Taihu. Understanding the relationships between
MCs and pigments will be necessary to the cyanotoxin modeling
strategy.

The dual-model strategy is both necessary and advantageous to
cyanotoxin mapping. From an analytical perspective, models that
directly relate satellite observations to the MC concentration will
over-fit the data, because the models typically have insufficient
observations relative to the number of parameters, and because
they inherently force a fit to the training set (Babyak, 2004). As a
result, a single model is suitable only for the specific conditions for
which it was developed. With the dual-model approach, parame-
terization, evaluation, and adjustment (or retuning) become
simpler and more robust. Evaluating and retuning the cyano-
toxin-surrogate model can be performed without any remotely
sensed data, allowing updates through a season; similarly, the
surrogate-satellite model can be evaluated and adjusted, if
necessary, without the need for cyanotoxin data. Additionally,
the uncertainties can be partitioned between models, such that
sources of error or confusion can be identified.

Applying a dual-model strategy for cyanotoxins involves
several challenges. These include the need for surrogate pigments,
the variability in the relationship between cyanotoxins and
pigments, and the lack of standardization of the various laboratory
and remote sensing measurement methods. This paper will
consider these issues in attempting to estimate MCs from satellite
data by examining: (1) the issues involved with choosing surrogate
pigment, (2) the characteristics of the MC-surrogate relationship,
(3) the strengths and limitations of the classes of remote sensing
models used for cyanobacterial blooms, and (4) the strategies and
considerations for determining whether, and how, to implement
the dual models in cyanotoxin mapping. For remote sensing, the
emphasis will be on the medium resolution imaging spectrometer
(MERIS) sensor and bands, as this sensor has proved the most
useful for studies of cyanobacteria; and its replacement, the Ocean
Colour Land Imager (OLCI) will be launched in early 2016.

1.1. Cyanotoxin issues, background and constraints

The World Health Organization (WHO, Chorus and Bartram,
1999) provided a widely used set of recommended action levels for
risk associated with MC exposure (see also Chorus and Fastner,
2001; Falconer and Humpage, 2005). The WHO provisional
guidelines use MC concentration of >10 mg L�1 in recreational
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Fig. 1. Example remote sensing reflectance compared to wavelength obtained by

handheld radiometer after Tomlinson et al. (2016). MERIS bands are denoted by

vertical bars. Phycocyanin absorbs strongly about 620 nm, chlorophyll-a (Chl-a)

between 665 to 681 nm, and water above 720 nm. The 709 nm band captures

scattering from cells or sediment, between the absorption peaks of chlorophyll and

water. Station average and replicates are shown.
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waters to indicate additional monitoring is needed to ensure public
health protection; many states in the U.S. have developed guidance
around the 10 mg L�1 threshold (Graham et al., 2009). When
source-water supplies exceed the WHO finished-drinking water
guideline of 1 mg L�1, managers often initiate additional monitor-
ing of source water or begin additional treatment of drinking
water. Recognizing that chlorophyll is a biomass indicator and
more frequently monitored than toxins, Chorus and Bartram
(1999) also provided guidance using chlorophyll-a, suggesting that
>10 mg L�1 of chlorophyll-a may indicate toxin concentrations
that cause mild effects (e.g. contact dermatitis and gastrointestinal
upset) during recreational contact. The essential assumption is that
high biomass indicates a risk of high cyanotoxin concentration
when cyanobacteria dominate the phytoplankton biomass. From a
recreational perspective, health departments often provide warn-
ings about avoiding discolored water and cyanobacterial scums
(surface accumulations) through posted advisories, web-based
sites, and social media (Chorus, 2005; Graham et al., 2009; Ohio
EPA, 2015).

2. Surrogate identification

A surrogate has to be an indicator of cyanobacterial biomass
and reliably quantifiable from satellite data. Chl-a is a common
metric for algal biomass and is used as a reference for
cyanobacterial blooms (Chorus and Bartram, 1999). Phycocyanins
(PC) are recognized as indicators of cyanobacterial presence in
eutrophic systems (De Marsac, 2003; Kirk, 1994), although they are
also found in rhodophytes and some crytophytes (Wehr and
Sheath, 2003). (Another phycobiliprotein, phycoerythrin, is a
better indicator of cyanobacteria in more oligotrophic lakes and
oceans, Kirk, 1994.) While many other metrics have been used with
remote sensing to examine cyanobacteria, Chl-a and PC have been
examined most closely (see reviews by Kutser, 2009; Matthews,
2011).

The decision on whether to use Chl-a or PC depends on three
factors: availability, specificity, and sensitivity. Availability is the
practical consideration of the availability of usable field and
satellite measurements. Specificity involves the detection of
cyanobacteria relative to eukaryotic algae when both are present.
Sensitivity is the ability to detect meaningful differences in
pigment concentration.

Availability favors Chl-a. Analysis of PC from water samples is
uncommon relative to Chl-a analysis. The two pigments have to be
treated separately – Chl-a is lipophilic while PC is hydrophilic –
requiring different extraction solvents in the laboratory (Zimba,
2012). Chl-a is a standard water quality metric with well-
established standard laboratory techniques (Trees et al., 1985).
Phycocyanin is infrequently measured, does not have standard
methods, and extracting the pigment from cells is challenging—
some extraction methods leave more pigment in the cells than is
removed (Lawrenz et al., 2011; Zimba, 2012).

The sensor spectral bands determine the availability of remote
sensing methods to accurately distinguish and quantify the
pigments. Phycocyanin absorbs most strongly around 620 nm
(orange-red light), while Chl-a absorbs in the blue and red
(maxima about 440 nm and 681 nm). This absorption reduces the
reflectance at these wavelengths (Fig. 1), a factor in creating the
characteristic green color of cyanobacterial blooms. Most sensors
do not have a band specific to 620 nm so they cannot explicitly
detect PC, whereas all existing sensors have bands that cover both
the blue and red Chl-a absorption peaks. For those sensors without
a band specific to PC, such as Landsat or Sentinel-2, Chl-a will
inherently be the preferred indicator (Kutser, 2009; Matthews,
2011; Sass et al., 2007). In the case of the MERIS and OLCI, as well as
hyperspectral instruments, a band is available at 620 nm, giving
the potential for detecting PC absorption. Other materials, such as
sediment and CDOM absorb blue light, so bands around the Chl-a

red absorption peak are needed for accurate discrimination of Chl-
a from these other materials (Gitelson, 1992). MERIS and OLCI have
multiple bands; Landsat has only one red band, reducing its utility
for discriminating Chl-a from other pigments and sediments.

Specificity clearly favors PC, as it is an indicator pigment for
cyanobacteria. In contrast, sensitivity favors Chl-a. At 620 nm, PC
has a specific absorption of about 0.0075 m2 mg�1, while Chl-a at
its absorption peak between 665 and 681 nm has a specific
absorption of 0.015–0.02 m2 mg�1 (Bricaud et al., 1995; Simis
et al., 2005). This means that twice the concentration of PC to Chl-a

is needed for the equivalent response in the satellite data. Also,
Chl-a, and related chlorophylls (e.g. chlorophyll-b and chlorophyll-
c) absorb at 620 nm, so PC concentration may be biased (over-
estimated) in several remote sensing algorithms (Ruiz-Verdú et al.,
2008; Simis et al., 2007). The presence and abundance of PC further
varies with species composition, light spectral quality (more PC in
water with strong attenuation of blue and green wavelengths),
nutrient conditions, and physiological status of organisms (De
Marsac, 2003; Reuter and Müller, 1993). While PC should be more
specific to cyanobacteria, Chl-a may be more sensitive in detecting
biomass variations in cyanobacteria-dominated blooms.

3. Modeling microcystin–pigment relationships

3.1. Microcystin–surrogate relationships

MCs are not always produced by cyanobacterial blooms, and
even when produced, intracellular content may vary several orders
of magnitude (Fastner et al., 2001; Ha et al., 2011) in response to
various environmental factors. These cyanotoxins consist of a
complex of amino acids, which require nitrogen. Consistent with
this requirement, cellular production of MC appears to be greatest
when nitrogen is abundant (Gobler et al., 2016; Monchamp et al.,
2014; Orr and Jones, 1998). The amount of MC also varies with
shifts in community composition of toxic and non-toxin strains, as
non-toxic strains tend to grow faster under low light in the
laboratory, suggesting they will grow faster in turbid water
(Kardinaal et al., 2007; Briand et al., 2012). Non-toxic strains may
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Fig. 2. Data and relationships for microcystins against in situ (a) chlorophyll-a (Chl-

a) and (b) phycocyanin (PC), all collected from Lake Erie. Black and squares are from

2013; and red and triangles are from 2014. Filled values are observations from

September. Solid lines are the relationships for all data for each year; dotted lines

are the RSEs for the two relationships from Table 1. All units are mg L�1. For PC,

R2 = 0.7 in 2013, and = 0.44 2014. For Chl-a, R2 = 0.70 in 2013, and = 0.57 in 2014.
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also dominate when inorganic nutrient concentrations are low
(O’Neil et al., 2012). Given these factors, the specific concentration
of MC to pigment (the ratio of concentrations) can be expected to
vary. While there are large variations in MC occurrence (Davis
et al., 2009, 2010; Graham et al., 2010), several studies have found
constant ratios between MC and Chl-a over short periods of time
(Ha et al., 2011; Lyck, 2004; Shi et al., 2015). The stability of these
MC-pigment ratios for toxin estimation warrants closer inspection.

To examine this problem, a case study of the relationship
between MCs and pigments uses data from three studies: one in
Lake Erie, USA (Gobler et al., 2016), one on Long Island, New
York (USA) (Davis et al., 2009), and a third from several U.S.
Midwestern lakes (Graham et al., 2010). Particulate MCs, Chl-a and
PC were measured for Lake Erie and Long Island as described in
Davis et al. (2009, 2015a). Chl-a and total and dissolved MCs were
measured in the Midwest study, with particulate MC calculated
from the measured MCs; PC was not included in the Midwest
study. Analytical methods used in these studies are not exactly the
same. At the broad scales of comparison in this paper, however,
differences between methods will not be substantive, but that
should not be assumed to be the case when evaluating the
narrower range of concentrations that may occur in a single water
body. The Lake Erie and the Midwest MC data sets presented here
came from Abraxis enzyme linked immune-sorbent assay (ELISA).
Graham et al. (2010) also compared ELISA with LC/MS/MS and
determined the various congeners and other toxins. For the Long
Island lakes, Davis et al. (2009), used the protein phosphatase
inhibition assay (PPIA, Carmichael and An, 1999). Carmichael and
An (1999) compared PPIA with ELISA; the two methods produce
similar results but the paper should be consulted for details. In
addition, the Midwest lakes were examined for relative cyano-
bacterial abundance. Only samples where cyanobacteria consti-
tuted more than 90% of the phytoplankton biovolume are
considered here and all but one were >95%. The Lake Erie data
set came from a weekly monitoring program of fixed stations,
allowing a rare evaluation of temporal variability in the relation-
ships. The Long Island and Midwest data sets came from more
opportunistic sampling. Microscropy was used only for qualitative
inspection of the Lake Erie and Long Island data.

3.2. Comparing microcystins with surrogate pigments

The Lake Erie monitoring program provided a comprehensive
data set of MC and pigments for 2013 and 2014. In 2013, the bloom
started the last week of July; in 2014 it began several weeks earlier.
In both years, MC broadly correlated with Chl-a and PC over the
season, with similar relationships for the two years (Fig. 2, Table 1).
While good relationships exist over the range of measurements,
the logarithmic plots needed to show the three orders of
magnitude range obscure the order of magnitude (10-fold)
variations in MC concentration relative to pigment concentration
(Fig. 2). As the uncertainty is proportional to the concentration, use
of regression requires a log-transform of the data in order to
establish appropriate relationships between MCs and pigments
(Table 1). The residual standard error (RSE; nominally a standard
deviation from the predictor line) is 2.7-fold in 2013 and 3.7-fold in
2014, leading to standard uncertainty ranges of 7- to 14-fold for
models based on the full season of data. Such a large uncertainty is
consistent with previous studies where the ratio of MC to Chl-a

typically varied at least one order of magnitude over the season (Ha
et al., 2011; Kardinaal et al., 2007; Kardinaal and Visser, 2005),
indicating that single fixed relationships are unlikely or uninfor-
mative.

While the spread of the MC data around the relationship line
might be presumed to be random variability, the pigment specific
concentration (biomass or pigment normalized) of MCs indicates
that the spread is caused by temporal variability in the presence of
MC (Fig. 3). In 2014, the specific concentration of MC (MC/pigment)
decreased substantially from July to September for both PC
(median MC/PC decreasing from 0.20 to 0.08) and Chl-a (median
MC/Chl-a decreasing from 0.19 to 0.06), a trend similar to that
reported by Kardinaal et al. (2007) in Netherland lakes. In 2013,
MC/PC fluctuated without a trend after July 25, but MC/Chl-a

decreased from early August (median 0.15) to September (median
0.04). These variations indicate that the relationships cannot be
assumed to be fixed throughout the season and also that the two
pigments can have different behaviors relative to MC.

Examining shorter time periods reveals additional character-
istics of the relationship between MC and the pigment. The
uncertainty around the calibration lines decreased for shorter time
periods. The early period (late July and early August) had an RSE of
about 1.6-fold in both years, which produces an uncertainty range
of 2.56 compared to the �10-fold range for the tuning of the entire
season. In September, the uncertainties increased but were still
less than those for the full data set. The relationships between MC
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Table 1
Example variation in parameterization for MC against PC and Chl-a tuned for western Lake Erie from different time periods in 2013 and 2014. A0 and A1 are parameters from

log-transformed linear regression, where log MC = log A0 + A1� log (pigment), which transforms to the power law: MC = A0� (pigment)A
1. R2 is the squared regression

coefficient, RSE is the residual standard error, which is a multiplier. A1 and RSE units are dimensionless (dl). The PC and Chl-a concentrations are those that will give MC of

1.0 or 10 mg L�1 in each parameterization. If A1—1, the relationship is linear, and A0 is the slope, i.e., MC = A0� (pigment). Regression-based uncertainties for A0 and A1 fall

within narrow ranges: multiplier of 1.3–1.5 for A0 and � 0.08 to 0.14 for A1.

PC A0 (mg L�1) A1 (dl) R2 RSE � (dl) PC (mg L�1) for

MC = 1.0

PC (mg L�1) for

MC = 10

2013 all (29 Jul–22 Sep) 0.13 0.94 0.70 2.7 8.8 103

2014 all (21 Jul–06 Oct) 0.22 0.75 0.44 3.7 7.5 162

2013 29 Jul–12 Aug 0.38 0.73 0.81 1.6 3.7 87

2013 19 Aug–31 Aug 0.07 1.33 0.67 3.0 14 438

2013 03–22 Sep 0.44 0.61 0.65 2.0 3.4 109

2014 29 Jul–04 Aug 0.52 0.67 0.77 1.5 2.7 84

2014 11 Aug–31 Aug 0.06 1.12 0.63 2.8 12 94

2014 02–29 Sep 0.17 0.70 0.67 3.4 12 310

Chl-a A0 (mg L�1) A1 (dL) R2 RSE � (dL) Chl-a (mg L�1)

for MC = 1.0

Chl-a (mg L�1)

for MC = 10

2013 all (29 Jul–22 Sep) 0.022 0.93 0.70 3.7 24 161

2014 all (21 Jul–06 Oct) 0.052 1.20 0.57 3.3 15 120

2013 29 Jul–12 Aug 0.10 1.09 0.84 1.5 8.3 69

2013 19 Aug–31 Aug 0.0017 1.80 0.83 2.2 33 120

2013 03–22 Sep 0.076 0.88 0.76 1.9 19 252

2014 29 Jul–04 Aug 0.30 0.82 0.83 1.4 4.5 75

2014 11 Aug–31 Aug 0.002 1.78 0.81 2.1 30 109

2014 02–29 Sep 0.042 1.01 0.57 2.2 23 225
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and pigments also changed over time. The pigment concentrations
needed to predict threshold MCs increased over the season—
consistent with Kardinaal et al.’s (2007) observations. While MC
and the pigments had similar relationships in early August in both
years (e.g., MC of 10 mg L�1 corresponds to about 80 mg L�1 of PC
Fig. 3. Time series of the specific concentration of microcystin (MC) relative to chlorophy

each date (line), which is the ratio of the highest to lowest specific concentration. Lowe

occur if all samples on the same day had the same MC/pigment ratio. All constituents had

area of southwestern Lake Erie were sampled on a single day each week.
and 70 mg L�1 Chl-a, Table 1), the relationships differed greatly
between the two Septembers. There was 3-fold more MC relative
to PC in September 2013 than 2014 (filled symbols in Fig. 2B, and
Table 1), while 2013 and 2014 had similar patterns of MC against
Chl-a (Fig. 2A). The data sets provided other evidence that
ll-a (Chl-a) or phycocyanin (PC) from the Lake Erie data (triangles) and the range on

r range means less variation in the specific concentration, a range value of 1 would

 units of mg L�1, the ratios are all dimensionless. Six fixed stations within a 500 km2



Fig. 4. Pigment-specific concentrations of microcystins (MC). Phycocyanin (PC) is not available for the Midwest lakes. Data from Davis et al. (2009) and Graham et al. (2010).
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parameterizations should not apply across years. At low pigment
concentrations (PC < 10 mg L�1 and Chl-a < 14 mg L�1), MC con-
centration were consistently below 1 mg L�1 in 2013, but reached
7 mg L�1 in 2014.

The Long Island and Midwest lakes showed similar ranges of
pigment-specific concentrations to Lake Erie (Fig. 4) with MC/Chl-a

and MC/PC varying the same several orders of magnitude. The MC/
Chl-a for the Midwest lakes ranged two orders of magnitude in the
mid-range of the other two studies, even though the samples
included mixed cyanobacterial assemblages that varied from
virtually no Microcystis to all Microcystis. The variability seen in the
other lakes results from spatial differences between lakes (Mid-
west, Graham et al., 2009) as well as temporal variability within
lakes (Long Island, Davis et al., 2009). The Lake Erie data set shows,
however, that usable relationships with reasonable uncertainties
can be established by constraining the time scales to weeks.
Capturing the temporal variability in order to establish and
maintain accurate models between MC and the pigments will
require routine monitoring programs in the lakes of interest.

4. Modeling pigments from satellite

The second part of the dual model involves estimating the
pigments from remotely sensed data. There are several classes of
algorithms that can be used to estimate cyanobacterial abundance
or biomass from Chl-a or PC. These classes can be described as
follows: analytical, semi-analytical, and second derivative (or
spectral shape). Analytical approaches (also called inversion
algorithms) solve simplified forms of the radiative transfer
equation to extract the spectral absorption of the various
constituents (phytoplankton, CDOM, sediment) from the calculat-
ed water reflectance. Laboratory measurements of pigment-
specific absorption are used to equate these to Chl-a and PC.
Semi-analytical algorithms (sometimes called empirical algo-
rithms) use bio-optical principles, frequently applied with ratios,
to extract relative pigment concentrations from the calculated
water reflectance. They are parameterized empirically, typically
using regression of field measurements with either field radiome-
try (simulating the satellite) or satellite data. The derivative
algorithms can be described as the distance of an intermediate
point from a baseline of adjacent points (Letelier and Abbott, 1996;
Philpot, 1991), with the band selection based on optical properties,
and the parameterization using a regression-type solution, like the
semi-analytical algorithms. They do not require an atmospheric
correction to solve for water reflectance and, so, can be applied to
the reflectance measured at the satellite.

4.1. Analytical approaches

Analytical approaches involve solving for backscatter and
absorption from water reflectance in multiple bands and parsing
these into absorption by Chl-a and PC (Simis et al., 2005; Mishra
et al., 2013). Most are based on Simis et al. (2005) and have been
reviewed in some detail elsewhere (Matthews, 2011; Ruiz-Verdú
et al., 2008). These have been shown to be quite effective with field
data collected by radiometry. They are also effective in explicitly
solving for pigments separately from sediment or CDOM. The
challenge in applying analytical approaches to satellite data is the
need for accurate water reflectance as an input, which requires an
accurate atmospheric correction. Atmospheric correction in turbid
water is a difficult task, particularly with blooms that can directly
alter the NIR reflectance used in the correction. If glint (direct
reflection of sunlight off the water to the sensor) is present, the
atmospheric correction becomes even more challenging. In
extreme cases of error, one or more spectral bands are over-
corrected to the point of having ‘‘negative’’ reflectance, a physical
impossibility that leads to algorithm failure. Wynne et al. (2010)
estimated that 25% of atmospherically-corrected MERIS data from
western Lake Erie had negative reflectance during the bloom
season. The atmospheric correction could be performed on
individual scenes, but this is tedious and would reduce the
effectiveness of a satellite monitoring program. Furthermore,
while negative reflectance values indicate the most extreme error
in atmospheric correction, positive reflectances can also be in
error—errors that propagate into the models (Wang and Shi, 2007).
The need for accurate atmospheric correction over an entire water
body reduces the robustness of these methods, limiting the usable
data they can provide.

4.2. Semi-analytical approaches

The most common semi-analytical approaches involve ratio
algorithms, which are based on empirical solutions to simplified
versions of the radiative transfer equation (Gordon and Morel,
1983). While water strongly absorbs NIR light, dense algal
blooms produce enough water reflectance in the NIR –
particularly in bands between 700 nm and 750 nm – to be
effective in ratio algorithms for Chl-a (Gilerson et al., 2010;
Gitelson, 1992; Moses et al., 2012; Stumpf and Tyler, 1988).
These approaches have also been used for PC (Gómez et al.,
2011; Mishra et al., 2009, 2013; see also review by Matthews,
2011). Ratio type algorithms also implicitly correct for sediment
backscatter (Gordon and Morel, 1983). While still requiring an
accurate atmospheric correction, these methods are more robust
than analytical solutions in that the calculation is a ratio, rather
than a system of equations. A ratio can partially offset some
residual error in atmospheric correction (Stumpf and Tyler,
1988). Failure still occurs with negative reflectances, and large
biases will occur when the input water reflectance is severely
underestimated (Wang and Shi, 2007).

Ratio algorithms have particular value to sensors with few
bands such as Landsat, with ratios of blue to green or blue to red
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bands providing useful information on Chl-a concentration in
specific lakes (reviews by Sass et al., 2007; Matthews, 2011). The
Chl-a relationships are highly dependent on comparatively
negligible absorption by other blue absorbing pigments, such as
CDOM, so they are unlikely to work consistently across lakes with
differing optical properties (Matthews, 2011). Landsat data sets are
typically processed manually (Olmanson et al., 2011), and
systematic automated methods have not yet been demonstrated.

Ratios parameterized for MERIS have shown promise for
systematic regional applications. Gómez et al. (2011) observed
consistent results across several lakes in Spain using a fixed
parameterization for PC. Gilerson et al. (2010) found a consistent
parameterization applied to both Chesapeake Bay and Nebraska
lakes (based on field radiometry). While the ratio algorithms are
useful, the problem of accurate atmospheric and glint correction
still constrains the frequency of data they can provide for routine
monitoring from satellite.

4.3. Derivative approaches

Derivative algorithms are also called spectral shape, curvature,
or baseline algorithms. These include the maximum chlorophyll
index (MCI; Gower et al., 2005), the cyanobacterial-related
chlorophyll index (CI; Wynne et al., 2008), the floating algae
index (FAI; Hu, 2009), and the maximum chlorophyll height (MPH;
Matthews et al., 2012). These algorithms quantify the curvature of
‘‘peaks’’ or ‘‘valleys’’ in the reflectance spectra that result from
sharp changes in the absorption spectra. The MCI, CI, and MPH
estimate Chl-a concentration using the ‘‘red edge’’ (between
665 nm and 754 nm) caused by the differential absorption by Chl-
a. Chl-a absorbs strongly at 665 and more so at 681 nm, whereas
water absorbs strongly at 754 nm, while neither material absorbs
as strongly around 709 nm (Fig. 1). The FAI measures the strong
reflectance of the NIR (860 nm), caused by scattering from cells
lying on the water surface, relative to the weak reflectance of the
red and short-wave infrared (found on MODIS or Landsat), caused
by absorption of those wavelengths by the cells. Unlike the other
metrics, the FAI estimates only scum coverage and density (Hu
et al., 2010) and not Chl-a concentration. MERIS does not have
SWIR bands, but the other derivatives designed for MERIS (MCI, CI,
and MPH) can detect both chlorophyll concentration and scum
density (Matthews et al., 2012; Wynne et al., 2013a,b).

These algorithms are all take the form of second derivatives
(Philpot, 1991; Stumpf and Werdell, 2010), namely:

SSðlÞ ¼ RðlÞ�Rðl�Þ þ ðRðl�Þ�RðlþÞ
ðl�l�Þ
lþ�l�ð Þ

where R is the reflectance (or radiance), l is the central band, and
l+ and l� are the adjacent reference bands. Philpot (1991) showed
that second derivatives implicitly remove most of the atmospheric
signal, making them more robust than the analytical and ratio
methods. As a result, when applied to satellite, derivatives typically
use top of atmosphere (TOA) data. Gower et al. (2005) applied this
capability by developing the original MCI with TOA radiance,
meaning no atmospheric correction at all. Long spectral baselines
(e.g. 200 nm or more), may begin to have errors if fine-mode
aerosols appear, as these aerosols introduce a trend in the
reflectance spectra. The methods can be applied under conditions
of mild sun-glint, because glint is spectrally flat (Hu et al., 2012). As
a result of the much greater frequency of coverage compared to the
analytical and ratio methods, these algorithms have become the
most common method used for bloom analyses and routine
monitoring (Matthews et al., 2011; Wynne et al., 2013b) and for
phenological and climatological studies of lakes (Binding et al.,
2011; Duan et al., 2014; Matthews, 2014; Moradi, 2014; Palmer
et al., 2015b; Stumpf et al., 2012).
Derivatives tend to be re-parameterized in each lake, rather
than evaluating the reproducibility of an existing parameterization
such as was done by Lunetta et al. (2015), or is typically done with
the analytical and ratio algorithms. One problem is that both TOA
radiance (Binding et al., 2012; Gower et al., 2005; Palmer et al.,
2015a) and TOA reflectance (Binding et al., 2012; Stumpf et al.,
2012; Wynne et al., 2013a; Matthews, 2014) have been used.
Because the derivative uses differences, the variation in sunlight
with latitude and season will alter the magnitude of the result if
radiance is used, and the resulting products cannot be converted to
reflectance (which is corrected for sun elevation). As a result,
radiance products cannot be validly compared across different
latitudes or seasons. This is a consideration for any algorithm that
involves sums; radiance and reflectance are not interchangeable,
and reflectance should be used for reproducibility.

4.3.1. Derivative parameterization for PC

Compared to Chl-a, PC has had limited study with second
derivatives. In Lake Taihu, China, which typically has intense scum-
forming cyanobacterial blooms, Qi et al. (2014) developed a model
that uses the shape at 550, 620, and 665 nm to correlate with high
concentrations of PC. Water also has a strong differential
absorption between 550 nm and 620 nm. This means that in
water with high concentrations of scattering particles, the
curvature caused by water absorption will be confused with that
caused by PC absorption, an issue not examined in their study.
Matthews et al. (2012) and Lunetta et al. (2015) used a derivative
with the 620, 665, and 681 nm bands on MERIS to indicate
presence or absence of cyanobacteria, based on the PC absorption.
The rationale follows that used in analytical methods (Simis et al.,
2005; Mishra et al., 2009), namely that PC at 620 nm and Chl-a at
681 nm lower the reflectance at these wavelengths relative to
665 nm, resulting in a positive SS(665) (creating an upward bump
between 620 nm and 681 nm in Fig. 1).

Currently, no direct comparison of the SS(665) with PC has been
made, partly from the lack of PC laboratory measurements. Cell
counts of Microcystis can provide a surrogate for PC in order to
assess the potential of the derivative for estimating relative
amounts of PC. Field reflectance measurements from the
Chesapeake Bay area during Microcystis blooms show that
SS(665) co-varies with cell counts as predicted by the influence
of PC (Fig. 5). Positive SS(665), the condition used to identify the
presence of cyanobacteria (Lunetta et al., 2015; Matthews and
Odermatt, 2015) did not occur until cell counts exceeded
104 cells mL�1. This threshold is reasonable, particularly as that
cell concentration may correspond to about 5 mg L�1 Chl-a (Chorus
and Bartram, 1999), which is below the sensitivity (Section 4.3.3)
of the derivative methods for Chl-a. The SS(665) will need
additional comparison with laboratory PC measurements for
validation and parameterization.

4.3.2. Derivative parameterization for Chl-a
While derivative algorithms are relatively insensitive to

atmospheric errors, they have some limitations. The MCI is
sensitive to suspended sediment at moderately low Chl-a

concentrations (Binding et al., 2012). Gordon and Morel (1983)
showed that difference algorithms can confound Chl-a and
sediment when applied to reflectance peaks (which the MCI
specifically captures). The CI includes the differential absorption by
Chl-a between 665 and 681 nm (greater Chl-a absorption at
681 nm than at 665 nm), so the algorithm should be less sensitive
to suspended sediment than the MCI.

Because Chl-a fluoresces at about 681 nm, the fluorescence
peak essentially overlays the Chl-a red absorption maximum. As a
result, the CI has the interesting property of using the same
satellite band set as that used to estimate fluorescence in
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Fig. 5. Derivative centered on MERIS 665 nm band against cell count per mL�1 of

Microcystis spp. R2 = 0.60. Horizontal axis is set at SS(665) = 0, the threshold used to

identify cyanobacterial blooms (see text). The MERIS was simulated using methods

of Tomlinson et al. (2016) and compared to microscopic cell counts by the Maryland

Department of Natural Resources.
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eukaryotic algae with a product called fluorescence line height
(FLH). This has been a confusing result (Binding et al., 2011;
Matthews and Odermatt, 2015; Palmer et al., 2015a,b); positive
SS(681), i.e., FLH, indicates fluorescence consistent with the
presence of eukaryotic algae and negative SS(681), i.e., CI, indicates
Chl-a absorption (in the absence of fluorescence) that is more
consistent with the amount of cyanobacteria. The reason is
straightforward. In cyanobacteria, Chl-a is deployed mostly in
Photosystem I, where it does not fluoresce, while eukaryotes
deploy most Chl-a in Photosystem II, which leads to fluorescence.
As a result, cyanobacteria produce less than 20% of the Chl-a

fluorescence of eukaryotes (Seppälä et al., 2007). For cyanobac-
teria, the weak fluorescence means that the increased Chl-a

absorption dominates the reflectance spectrum around 681 nm.
Chl-a absorbs more strongly at 681 nm than at 665 nm, so less light
leaves the water at 681 nm causing a ‘‘dip’’ in reflectance (Fig. 1).
For eukaryotes, light emitted by Chl-a fluorescence, when
combined with the reflected light causes more light to leave the
water at 681 nm than at 665, producing the fluorescence peak
(FLH, Letelier and Abbott, 1996) in reflectance spectra observed for
these algae. This result means the calibration of SS(681) to Chl-a

must distinguish cyanobacteria from eukaryotes, as the same Chl-a

concentration can produce negative SS(681) in cyanobacteria
blooms and positive SS(681) in eukaryotic algal blooms. The
confusing term ‘‘negative FLH’’ has been used in the literature for
the drop in reflectance at 681 nm; this term should be discouraged
as it is scientifically invalid – fluorescence cannot be negative – and
the phenomenon is caused by Chl-a absorption. The ‘‘CI’’ is the
appropriate term for the metric derived from negative SS(681)
(Wynne et al., 2008).

4.3.3. Derivative sensitivity

The range of concentrations detected by derivatives differs from
the analytical and ratio methods. Unlike the latter methods, the
derivatives used for cyanobacteria can provide quantitative data in
dense scums, so there is no obvious upper limit on pigment
concentrations (except analytical uncertainty). At lower concen-
trations, derivatives are less sensitive. The analytical methods can
detect pigments to 1–5 mg L�1 and lower with algorithm switching
(Gilerson et al., 2010; Gons et al., 2008). The MCI has a minimum
threshold of <10 mg L�1 of Chl-a (Palmer et al., 2015a). While the
MPH can detect lower Chl-a concentrations in eukaryotic blooms
by switching to fluorescence detection, it uses the same 709 nm
band as does the MCI for cyanobacteria (Matthews and Odermatt,
2015), so it should have the same Chl-a limit as the MCI for these
blooms. The lower threshold for the CI is not known; however
observations on Lake Erie show that the CI does not pick up
concentrations as low as the MCI. Tomlinson et al. (2016) found
that in some Florida lakes the CI threshold falls below 16-
20 mg L�1, although plots in Palmer et al. (2015b) suggest that
10 mg L�1 is possible. This threshold may be a function of the
background concentration of eukaryotic algae.

These thresholds of detection are appropriate for assessing
toxicity risk. Toxic cyanobacterial blooms occur in eutrophic
waters (Downing et al., 2001). Carlson (1977) gave a Chl-a

threshold for eutrophic lakes of 20 mg L�1, and Chorus and Bartram
(1999) put 10 mg L�1 as a threshold between negligible and
moderate risk. Equivalent thresholds for PC do not exist owing to
the paucity of data. Because the FAI detects only surface
accumulations, and determining Chl-a concentration in scums is
problematic, it should be treated as a simple metric of the amount
of scum in each pixel. This is analogous to how the normalized
vegetation index for land is used to infer the relative density of live
biomass in each pixel (Becker and Choudhury, 1988). In terms of
Microcystis cells, the CI likely has a threshold between 1 � 104and
2.5 � 104 cells mL�1 (Wynne and Stumpf, 2015). This is below the
WHO risk level for cell concentration; however, conversions to
cells or biovolumes have not been made for other species or
algorithms. Relationships between Chl-a, PC, and biovolume
continue to be explored (Kasinak et al., 2015).

4.3.4. Derivative potential

Most derivatives have been tuned with matchups between
water samples and satellites. By comparison, the analytical and
ratio methods have been tuned by simulating the satellite
reflectance with radiometric measurements in the field of the
water being sampled. This field radiometry allows collection of
more observations and eliminates the misfit introduced because of
the considerable differences in scale between water samples and
satellite pixels (Kutser, 2009). Field radiometry can be effective for
tuning derivatives (Tomlinson et al., 2016), providing data of better
quality for quantification of the algorithms than comparisons of
satellite and field data.

Of the three classes of methods, the analytical and semi-
analytical will be appropriate for non-satellite platforms or when
observation frequency is not a concern in the satellite data. When
frequency of coverage is needed, however, derivatives are superior.
Derivative metrics can also be applied seamlessly from water
column concentrations to scum concentrations (Matthews and
Odermatt, 2015; Wynne et al., 2013a), which is not possible with
analytical methods. Work is still needed on directly quantifying PC
from derivatives, but this may prove to be a solvable problem
(Section 4.3.1).

4.4. Cyanobacterial bloom climatology

Caution should be used in the application of all the satellite
methods for development of climatologies of cyanobacterial bloom
characteristics. Between the turbidity of the water in these blooms
and the strong absorption of light by water at red wavelengths, only
surface concentrations can be determined. In a thin bloom, light is
detected from the upper meter of water; whereas in scums, no
information is retrieved from below the surface. For scum-forming
cyanobacteria, such as Microcystis, the maximum buoyancy occurs
with low irradiance, and cells typically float upward through the
night or in turbid water (Visser et al., 2005). Calm winds will
allow the biomass to accumulate at or near the surface; moderate
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and strong winds will mix the biomass vertically, diluting and
substantially reducing the surface concentration seen with satellite
(Hunter et al., 2008; Hu et al., 2010; Wynne et al., 2010). Seasonal or
inter-annual variations in wind may produce severe biases in
estimating the seasonal bloom quantity. In the extreme case, the FAI,
as a scum metric, will provide no information on the bloom when the
wind has mixed the scum into the water column. (Hu et al., 2010)
found that changes in wind speed from only 2 m s�1 to 3 m s�1 over
consecutive days decreased the FAI bloom area from >1000 km2 to
<100 km2. They recommended using only the maximum area
observed in each month in building a bloom climatology for
quantitative analysis. Other studies have compensated for the wind
bias with other metrics. Kahru and Elmgren (2014) used maximum
extent and duration in the Baltic. Palmer et al. (2015b) used
phenological metrics, such as first and last day of detection, which
depend much less on absolute concentrations. Stumpf et al. (2012)
used 10-day composites of the maximum CI concentration to
estimate the areal biomass in Lake Erie. Weather systems tend to
pass through that region every 5–7 days and the cells would
accumulate near the surface during the calm weather period
(Wynne et al., 2010), providing a more consistent measure of the
amount of biomass. If temporally-averaged concentrations are used,
the wind impact on the surface concentration must be modeled and
addressed. Wynne et al. (2010) showed that a simple model of
mixing can provide estimates of total biomass to compensate for
variation in surface concentration. Using these approaches will lead
to the development of a robust climatology of the bloom
characteristics.

Because MC presence varies through the season, establishing a
climatology of MC distributions will be problematic without past
data on the MC-pigment relationships at weekly or biweekly
resolution. Otherwise, the large uncertainties in MC concentra-
tion estimates will produce unacceptable errors in any retrospec-
tive analysis. Studies of past conditions should concentrate on the
bloom characteristics, rather than inferring the amount of
toxicity.

5. Applications

5.1. Choice of surrogates

The choice of Chl-a or PC as the surrogate depends on several
factors, particularly the trade-off between sensitivity and specific-
ity. The balance lies with sensitivity for Chl-a against specificity for
PC. For a lake with a spatially-variable mixed bloom of
cyanobacteria and eukaryotic algae, PC should be the best
surrogate (assuming there are limited cryptophytes or rhodo-
phytes) as Chl-a is non-specific for cyanobacteria. For blooms with
biomass dominated by cyanobacteria, Chl-a offers sensitivity for
remote sensing that presents an advantage over PC.
Fig. 6. Ratio of PC to Chl-a (dimensionless) against Chl-a concentration (mg L�1) for Lake

the three data sets are 0.51 (2013), 0.62 (2014), and 0.31 (Long Island).
As described in Section 2, Chl-a absorbs 2–3 times as much
light at 665–681 nm as PC absorbs at 620 nm. This means that
the PC concentration must be about two times that of Chl-a for
the same remote sensing detection sensitivity. This proportion is
not a common phenomenon in these lakes (Fig. 6); in fact the
median PC/Chl-a ratio during cyanobacterial blooms was about
0.5 in Lake Erie, 0.3 in Long Island, and less than 1 in most cases
(e.g. Fig. 6). Similar ratios occur in other water bodies, such as
lakes in the Netherlands (Simis et al., 2007) and ponds in the
southern US (Kasinak et al., 2015), although Spanish lakes have
PC/Chl-a ratios >1 (Simis et al., 2007). For a median PC/Chl-a

ratio of 0.5, the combination is a four-fold difference in
sensitivity. Under this example, if the minimum algorithm
detection is 10 mg L�1 of pigment, satellite will not detect a
bloom with PC until the bloom Chl-a concentration exceeds
40 mg L�1.

Even with PC algorithms there are additional issues to consider.
Phycocyanin is not as stable an indicator of biomass as Chl-a within
cyanobacterial blooms, as PC varies with light and nitrogen
availability (Chaffin et al., 2012; Kirk, 1994). Both PC and MC may
co-vary with nitrogen availability, an advantage for PC as a
surrogate (Briand et al., 2012; Gobler et al., 2016; Monchamp
et al., 2014; Oliver et al., 2012; Raven, 1984). Cellular PC content
tends to increase with reduced (blue and green) light, however,
while non-toxic Microcystis strains may out-compete toxic strains
in low light (Briand et al., 2012; Kardinaal et al., 2007). The result is
that light availability may push PC and MC concentrations in
opposite directions, a disadvantage for PC as a surrogate. The Lake
Erie measurements (Fig. 3) of MC specific concentration give
credence to these problems. Relative to Chl-a, MC has somewhat
more scatter over the entire season in the two years (Fig. 2 and RSE
in Table 1), but on over half of the sample days in both years the
MC/Chl-a ratio had a smaller range than MC/PC (Fig. 3). This is
especially obvious early in 2014 (Fig. 3D). The range in MC/PC
(measured as ratio of the highest to lowest values observed on the
day) varied from 28- to 7-fold, while MC/Chl-a varied only 1.5 to 3-
fold. During the rest of the time MC/Chl-a range was smaller than
MC/PC over half of the days. The significant exception occurred in
July 2013. The MC/Chl-a ratio was larger during a time when the
bloom appeared to be mixed with diatoms; curiously though, this
time also had a large range of MC/PC relative to later in the season.
The range of variation in MC/pigment of the Long Island lakes was
also the same for both pigments indicating no advantage for PC in
those lakes (Fig. 4B).

From a practical point of view, the three derivative algorithms,
CI, MCI, and MPH, all target Chl-a, so Chl-a is clearly the available
surrogate for these algorithms. These methods have been
demonstrated to accurately estimate Chl-a biomass in cyanobac-
terial blooms in specific areas. They have not been evaluated for
the robustness of their parameterizations across different regions.
 Erie, 2013, 2014, and Long Island lakes (Davis et al., 2009). The median PC/Chl-a for
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Derivative algorithms for PC are quite new. The SS(665) has been
used as an indicator (Lunetta et al., 2015; Matthews and Odermatt,
2015) and correlates with the concentration of Microcystis (Fig. 5),
but it has not yet been related to PC concentration. The relative
paucity of PC data for parameterization or validation remains a
problem for all methods. As discussed in Section 2 (and below in
Section 6), PC measurement is not standardized, so consistency or
reproducibility may suffer as well. In short, while PC is a better
surrogate for known mixed blooms, Chl-a has a practical advantage
for use as a surrogate in cyanobacterial-dominated blooms.

5.2. Applications to mapping

The potential value of estimating MCs with a dual-model
strategy can be seen in Fig. 7. Scenes of Lake Erie in early August
and late September 2014 were processed to Chl-a from CI per
methods of Wynne et al. (2013a) and Tomlinson et al. (2016), and
MC was estimated using the Chl-a parameterizations for early
August and late September (Table 1). The Chl-a concentrations
were higher in September, but the MC concentrations were much
lower (Fig. 7), the result of the much lower specific concentration
in September (Fig. 3C). As a result, the water in September
contained as much biomass (and discoloration) as in early August,
but the health risk from the toxin was potentially much smaller. In
addition, water treatment operators may respond differently. On
01 August, the City of Toledo detected MC > 1 mg L�1 in the
finished water, making high biomass a concern for all the water
suppliers in the region. By September the MC concentrations in the
lake had dropped substantially, even while the biomass had not.
Providing a cyanotoxin map that looks much different from the
biomass map, may allow for a more considered response by
managers.
Fig. 7. Western Lake Erie, Chl-a and microcystin (MC). Top row: Chlorophyll surface co

calculated from the CI algorithm for 03 August and 29 September 2014; bottom row: mic

29 to 02 August and for 12–29 September. Clouds are gray, land is tan. Both are shown in

was 6 mg L�1 (range 1.0 to 21 mg L�1) between 29 July and 04 August and 1.6 mg L�1 (
The stations used to develop the parameterizations are in the
western half of the western basin of Lake Erie (west of 838W). For a
lake of this size, additional samples should be collected near the
islands that mark the basin. Also, Sandusky Bay on the Ohio coast
experiences cyanobacterial blooms dominated by Planktothrix

agardhii/suspensa (Conroy et al., 2005; Davis et al., 2015b), which is
the dominant MC-producer in the bay (Rinta-Kanto and Wilhelm,
2006; Davis et al., 2015b). An MC parameterization developed for
Microcystis in Lake Erie is unlikely to be valid for Planktothrix in
Sandusky Bay. The toxicity will vary between species, and the
shape and behavior of the cells differs. Microcystis forms colonies
and changes buoyancy, while Planktothrix forms trichomes and
typically remains dispersed in the water column. Routine field
calibration and validation are necessary to assure valid results
across the lake or lakes.

In application, users need to consider sub-pixel variability. A
pixel is an average of the radiance over the entire area, and a
300-m MERIS pixel covers an area greater than a football
stadium. Concentrations can vary many-fold over the pixel
(Kutser, 2009), although a method has recently been proposed
to estimate sub-pixel variability for ocean color imagery
(Salama and Su, 2010). With both sub-pixel variability and
modeling uncertainties, each pixel should be expected to
contain areas having concentrations several-fold greater than
the pixel value.

6. Analytical uncertainties

Within a region, measurement of any constituent can vary
considerably when different analytical methods and approaches
are used, especially in the absence of certified reference materials,
lack of standardized methods for sampling and processing, and
ncentration from Moderate Resolution Imaging Spectroradiometer (MODIS) data,

rocystin concentration from the Chl-a using relationships derived from data for July

 log scale. Average measured MC concentration at stations in the southwestern lake

range 0.1 to 7) between 23 and 29 Sep.
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differential response to analytical matrix effects that adversely
impact the measurement of analyte concentration whether in the
field, laboratory, or by remote sensing. When using multiple
measurements, care must be exercised to adequately deal with
measurement variation inclusive of methodological differences
and to consider propagation of errors. These issues include
cyanotoxins (Qian et al., 2015), but phytoplankton pigments such
as Chl-a and PC are not exceptions (Jacobsen and Rai, 1990; Trees
et al., 1985). Extraction methods for PC, without following strict
and consistent protocols, can fail to extract over half of the pigment
(Zimba, 2012). Even Chl-a metrics can vary substantially,
particularly between different methods (Jacobsen and Rai,
1990). Some field programs use in situ or in vivo fluorometry to
determine pigment concentrations. This approach will add
additional uncertainty to the models, as intracellular and
environmental factors alter in vivo fluorescence and the apparent
amount of pigment per cell (Zamyadi et al., 2012).

ELISA is currently the most commonly used screening
technique for cyanotoxins but the uncertainty associated with
this method is rarely reported (Qian et al., 2015). There are at least
90 MC congeners reported in the literature (Chorus and Bartram,
1999) and multiple MC ELISAs with unique antibodies (including
several commercial options) and therefore unique cross-reactivity
(Weller, 2013). For a simple example, molar cross-reactivity for
MCs-LR and -YR for the polyclonal MC ELISA reported by (Fischer
et al., 2001) was 100 and 167% compared with cross-reactivity
reported for the monoclonal ELISA reported by Zeck et al. (2001) of
100 and 120%, respectively. The difference in cross-reactivity can
lead to the same answer if either an environmental sample was
exclusively MC-LR or the sample had a quite different reported
concentration such as 1 mg L�1 of each of the MC congeners (e.g.
total MC concentration of 2 mg L�1). The differences can be
magnified as the number of congeners present increases or the
concentration of each congener increases. For example, changing
the actual concentrations from 1 to 4 mg L�1 for each congener in
the previous example, the final concentration reported would
equal 10.8 mg L�1 (measured by Fischer et al., 2001) and 8.8 mg L�1

measured by Zeck et al. (2001), a 20% difference. Using recreational
World Health Organization (WHO) MC guidance values where
10 mg L�1 triggered an action, only the Fischer et al. (2001) result
would exceed this criterion. This demonstrates the need for known
precision and accuracy based on certified reference materials and
basic understanding of methodological differences especially at
thresholds of concern.

It is therefore critical at a minimum to consider the
implications of analytical errors and uncertainties in the
laboratory methods on the model and the application of the
model results. The introduction of substantive analytical error can
occur in the absence of performance-based quality control
approaches that correct for analyte recovery issues and matrix
effects (such as standard addition or isotope dilution). The same
field, sample processing, and laboratory methods should be
applied to insure continuity of data interpretation to the ultimate
users.

7. Parameterization of the dual model

Parameterization of the toxin-surrogate model can be solved in
one of several ways, all with different confidence levels. If samples
are rare, for example one or two per season, toxin maps should be
avoided. They would give the impression of a knowledge that does
not exist. Kudela et al. (2015) demonstrated this point effectively in
Pinto Lake, California. They found shifts between non-toxic
Aphanizomenon, and toxic Microcystis, with large variations in
the relationship between MC and pigments. During the Aphani-

zomenon phase, the presence of PC was a poor indicator of MC, and
failure to re-parameterize a surrogate model after the shifts
between toxic and non-toxic species would lead to highly
erroneous estimates of MC concentration or presence. Parameteri-
zation requires repeated samples and these samples must be taken
at different pigment concentrations. The range of concentrations
must exceed the uncertainties in the measurements based on
sound statistical methods. With a measurement uncertainty of 30–
50% in both pigment and toxin concentrations, the measured
concentration range used for parameterization should exceed an
order of magnitude in order to constrain the model uncertainty to
useful levels. The relationship can be validated against data taken
through the season and adjusted when it fails to meet the
uncertainties needed for the application. With limited toxin data,
only maps of pigment concentration should be produced. The
analysis of water samples also needs confirmation of a cyano-
bacteria-dominated bloom in order to determine whether Chl-a or
PC is the appropriate surrogate.

Remote sensing models generally lack evaluations of the
parameterization (coefficients) for lakes. At present, the
analytical and semi-analytical (ratio) models have parameter-
izations that appear to be applicable to new areas (Gons et al.,
2008; Moses et al., 2012; Ruiz-Verdú et al., 2008). More
investigation is needed into the stability of the coefficients
when applied to satellite data, as well as to field measurements
of reflectance (radiometry). The tuning of derivative algorithms
has not been evaluated for global application, so this work needs
to be conducted. If the derivatives use reflectance measure-
ments, the parameterizations may be widely applicable to lakes
covering a range of latitudes and sun angles, thereby improving
their utility. In addition, for the CI method to be applied to
cyanobacteria, fluorescing algae must be excluded from the
parameterization. The same Chl-a concentration can occur with
both a positive SS(681) in a bloom of fluorescing algae and a
negative SS(681) in a cyanobacterial bloom. As a result,
including fluorescing algae in a parameterization will introduce
statistical leverage that will bias the relationship. These
algae should be excluded, preferably by identifying only
cyanobacteria from the SS(665) (Lunetta et al., 2015; Matthews
et al., 2012).

Pigment is typically assumed to represent biomass (Ha et al.,
2011; Kardinaal et al., 2007). Remote sensing does not detect
volume; it detects the cross-sectional concentration of the
absorption by pigments. If a cell has packaged more Chl-a, or
has formed colonies (another kind of packaging), the relationship
between absorption, pigment quantity, and biomass may also
change. The temporal (or spatial) variation in the relationship
between MCs and pigments can be caused by both the production
of MC and pigments, and the packaging characteristics pigments in
the cells. Understanding the pigment/biovolume variability will
require field and laboratory studies of these characteristics to
complement the remote sensing

8. Conclusions

Cyanotoxins cannot be directly measured with remote sensing.
If the variability between cyanotoxins and a surrogate pigment is
addressed, a dual-model strategy for remote sensing of these
compounds is appropriate. A relationship between MC and either
Chl-a or PC can remain constant for days to weeks within a lake.
Over longer time intervals, a fixed parameterization may lead to
large errors in estimated MC concentrations, therefore the
parameterization should be validated every few weeks and
adjusted as necessary. While PC is the better surrogate for mixed
blooms, Chl-a is the superior surrogate for blooms dominated by
cyanobacteria. Chl-a has a stronger optical signature than PC, it is
more stable within the cells, the laboratory methods are

https://www.researchgate.net/publication/26707599_Analysis_of_Factors_Affecting_the_Ratio_of_Microcystin_to_Chlorophyll-a_in_Cyanobacterial_Blooms_Using_Real-Time_Polymerase_Chain_Reaction?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/26707599_Analysis_of_Factors_Affecting_the_Ratio_of_Microcystin_to_Chlorophyll-a_in_Cyanobacterial_Blooms_Using_Real-Time_Polymerase_Chain_Reaction?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/223506578_MERIS_satellite_chlorophyll_mapping_of_oligotrophic_and_eutrophic_waters_in_the_Laurentian_Great_Lakes?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/223506578_MERIS_satellite_chlorophyll_mapping_of_oligotrophic_and_eutrophic_waters_in_the_Laurentian_Great_Lakes?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/272625492_Application_of_hyperspectral_remote_sensing_to_cyanobacterial_blooms_in_inland_waters?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/256850055_An_algorithm_for_detecting_trophic_status_chlorophyll-a_cyanobacterial-dominance_surface_scums_and_floating_vegetation_in_inland_and_coastal_waters?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/256850055_An_algorithm_for_detecting_trophic_status_chlorophyll-a_cyanobacterial-dominance_surface_scums_and_floating_vegetation_in_inland_and_coastal_waters?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/6468298_Competition_for_Light_between_Toxic_and_Nontoxic_Strains_of_the_Harmful_Cyanobacterium_Microcystis?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/229306286_Operational_MERIS-based_NIR-red_algorithms_for_estimating_chlorophyll-a_concentrations_in_coastal_waters_-_The_Azov_Sea_case_study?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/283446233_Quantifying_and_Reducing_Uncertainty_in_Estimated_Microcystin_Concentrations_from_the_ELISA_Method?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/283446233_Quantifying_and_Reducing_Uncertainty_in_Estimated_Microcystin_Concentrations_from_the_ELISA_Method?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/215493126_An_evaluation_of_algorithms_for_the_remote_sensing_of_cyanobacterial_biomass?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/222991229_Errors_associated_with_the_standard_fluorimetric_determination_of_chlorophylls_and_phaeopigments?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/222991229_Errors_associated_with_the_standard_fluorimetric_determination_of_chlorophylls_and_phaeopigments?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/11594888_Generic_microcystin_immunoassay_based_on_monoclonal_antibodies_against_Adda?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/257636688_An_improved_phycobilin_extraction_method?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/263699501_Evaluation_of_cyanobacteria_cell_count_detection_derived_from_MERIS_imagery_across_the_eastern_USA?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/258335113_Immunoassays_and_Biosensors_for_the_Detection_of_Cyanobacterial_Toxins_in_Water?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/11583174_Congener-Independent_Immunoassay_for_Microcystins_and_Nodularins?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/11583174_Congener-Independent_Immunoassay_for_Microcystins_and_Nodularins?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/264568503_Comparison_of_Spectrophotometric_Fluorometric_and_High_Performance_Liquid_Chromatography_Methods_for_Determination_of_Chlorophyll_a_in_Aquatic_Samples_Effects_of_Solvent_and_Extraction_Procedures?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/264568503_Comparison_of_Spectrophotometric_Fluorometric_and_High_Performance_Liquid_Chromatography_Methods_for_Determination_of_Chlorophyll_a_in_Aquatic_Samples_Effects_of_Solvent_and_Extraction_Procedures?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/264568503_Comparison_of_Spectrophotometric_Fluorometric_and_High_Performance_Liquid_Chromatography_Methods_for_Determination_of_Chlorophyll_a_in_Aquatic_Samples_Effects_of_Solvent_and_Extraction_Procedures?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==
https://www.researchgate.net/publication/233752699_Cyanobacterial_detection_using_in_vivo_fluorescence_probes_Managing_interferences_for_improved_decision-making?el=1_x_8&enrichId=rgreq-ba2a5ec09657fb34b7f4dd3124853c3d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzAyODg0MTtBUzozNjIxNDg5MzgxNzQ0NjRAMTQ2MzM1NDQ0MzA1OA==


R.P. Stumpf et al. / Harmful Algae 54 (2016) 160–173 171
standardized, and it is more frequently measured. Satellite
algorithms can quantify Chl-a in lakes, although the best accuracy
requires MERIS or sensors with equivalent spectral bands. With
MERIS, PC can also be quantified.

To obtain the surrogate pigments, derivative satellite algo-
rithms have an advantage over analytical (and ratio) algorithms.
Derivatives are insensitive to poor atmospheric correction and
mild sun-glint, allow more robust and frequent application, as
demonstrated by the increasing use of these methods in routine
monitoring. They can address scum, a significant problem with
analytical algorithms, which are based on the physics of light
entering the water. On the other hand, analytical algorithms can
retrieve PC. While derivatives appear able to identify PC,
quantification still needs to be established. Analytical algorithms
also have the capability of simultaneously retrieving several other
characteristics of the water, such as backscatter, CDOM, and
general pigment absorption, if these are of interest. Given that
derivatives are based on the absorption characteristics of the
pigments, radiative transfer modeling might identify analytical
relationships between the derivatives and pigments that may
enhance these algorithms.

The derivative algorithms still lack standardization of
methods and calibration that allow universal evaluation of
their parameterization. Extensive work has been done on
parameterization and validation of remote sensing of oceanic
Chl-a, which has led to an excellent understanding of the
uncertainties in ocean Chl-a models. Lakes simply have not been
studied in this way. New studies like GLOBOLAKES (NERC, 2015)
and the Cyanobacterial Assessment Network (Schaeffer et al.,
2015) may provide the comprehensive data sets of satellite and
field pigments from many lakes that can be used to evaluate
parameterizations. The ocean color community has also used
field radiometry to parameterize relationships (O’Reilly et al.,
2000) and then evaluated the satellite data with these methods.
Lake studies have split on approaches. The analytical and semi-
analytical methods have followed the ocean color lead, but the
derivative methods have used mostly satellite to field matchups.
Given the inherent spatial uncertainty in the distribution of
blooms, and the potential issues with use of the appropriate
satellite product, more attention should be made to the use of
field measurements of reflectance to parameterize derivative-
based pigment models (Tomlinson et al., 2016). This approach
will help standardize processing of the satellite data to
consistent reflectance-based products. Standardization is a
factor in pigment and cyanotoxin measurement that will also
require closer scrutiny. Propagation of known measurement
error and uncertainty into the models will establish confidence
levels for a variety of applications besides toxin maps.

Direct estimates of inter-annual variability of cyanotoxin
concentration are probably an impossible task with satellite,
because of the variability in the specific toxicity of the cells. Even
estimation of pigment concentration requires care. Satellites see
only the surface concentration (less than a meter), which is not
total biomass. Determining average pigment concentrations will
introduce biases into the resulting climate data unless the analysis
compensates for winds through the use of compositing methods
(Stumpf et al., 2012), phenological methods (Palmer et al., 2015b),
or other modeling approaches.

Improving strategies for collecting pigment measurement with
toxin measurement will allow a better understanding and use of
remote sensing to inform monitoring of toxins in lakes. The remote
sensing options will improve. The 2016 launch of the Ocean Land
Colour Imager on Sentinel-3 will introduce a critical opportunity to
address this need. OLCI replaces MERIS, with all the MERIS bands,
and it will represent a future of data availability for most medium
to large lakes around the world.
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Ruiz-Verdú, A., Simis, S.G., de Hoyos, C., Gons, H.J., Peña-Martı́nez, R., 2008. An
evaluation of algorithms for the remote sensing of cyanobacterial biomass.
Remote Sens. Environ. 112 (11), 3996–4008.

Salama, M.S., Su, Z., 2010. Bayesian model for matching the radiometric measure-
ments of aerospace and field ocean color sensors. Sensors 10 (8), 7561–7575.

Salisbury, J., Vandemark, D., Campbell, J., Hunt, C., Wisser, D., Reul, N., Chapron, B.,
2011. Spatial and temporal coherence between Amazon River discharge, salini-
ty, and light absorption by colored organic carbon in western tropical Atlantic
surface waters. J. Geophys. Res. Oceans (1978–2012) 116 (C00H02), http://
dx.doi.org/10.1029/2011JC006989.

Sass, G., Creed, I., Bayley, S., Devito, K., 2007. Understanding variation in trophic
status of lakes on the Boreal Plain: a 20 year retrospective using Landsat TM
imagery. Remote Sens. Environ. 109 (2), 127–141.

Schaeffer, B.A., Loftin, K., Stumpf, R.P., Werdell, P.J., 2015. Agencies collaborate,
develop a cyanobacteria assessment network. Eos 96,, http://dx.doi.org/
10.1029/2015EO038809, Published on 10 November 2015.
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