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Summary We propose a new approach to indication of algal blooms. It stems from analysis of
the multispectral satellite reflectance Rrs of areas where blooms were documented during recent
decades. We found that spectra of algal blooms exhibit minima at wavelengths of channels of
Moderate Resolution Imaging Spectroradiometer (MODIS) l = 443 and l = 488 nm (Baltic, Black,
and Caspian seas), l = 443 nm (Southwest Tropical Pacific (SWTP)), and l = 443 nm and l = 469 nm
(Patagonian Continental Shelf (PCS)), attributable to absorption bands of chlorophyll a and
accessory pigments. We quantified the minima using indices D1 = Rrs(443) � Rrs(412) and
D2 = Rrs(488) � Rrs(469) and proved their diagnostic potential by comparing their distributions
to that of Rrs(555). Linear dependence of D1 upon chlorophyll a was found from MODIS data for the
bloom of Nodularia spumigena. Time dependences of D1 and D2 point to the latter as a probable
remote forerunner of cyanobacterial blooms. In the PCS, D1 and D2 proved to be too simplistic
owing to diversity of spectral shapes at l < 550 nm. Cluster analysis revealed close linkage of the
latter and local oceanological conditions. Our findings bear witness to the diagnostic potential of
the indices by virtue of their direct relation to pigment absorption and because the broadband
background reflectance changes reduce when calculating the indices as a difference of spectrally
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close reflectances. Further studies are needed to convert the indices to band-difference
algorithms for retrieving the bio-optical characteristics of algal blooms.
# 2016 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o.o. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The rapid growth of microalgae abundance in water basins is
usually referred to as algal bloom. Extensive studies of
blooms during last decades revealed recurrence of blooms
in many areas of the oceans (Anderson, 2001; Sellner et al.,
2003). A bloom may be induced by a set or a single algal
species. The blooms occur in different climatic zones and
cover the areas sizing from local scales to basin-wide ones.
The period, when algal cells concentration in water exceeds
a certain threshold level, determines the lifetime of a bloom.
This period lasts from days to months. Radical changes in
content and composition of suspended particles, dissolved
organic matter, nutrients and other substances accompany
the blooms because of vital activity of the microorganisms,
their lifetime excretions, consumption, degradation, and
final decomposition. These processes develop against a back-
ground of water dynamics events of different scales, which
contributing into the intricacy of bloom patterns. The neces-
sity to understand the latter is particularly urgent because
some of the algae produce toxins and induce the harmful
algal blooms (HABs) dangerous for aquatic biota and humans
(Sellner et al., 2003).

The understanding of such cause-and-effect relations
requires knowing the distributions of the relevant organisms
and substances in time and space on periods from seconds to
years and on scales from 100 to 106 m. To date, the problem of
'undersampling' (Munk, 2002) is far from being eliminated in
biological oceanography since the labor-consuming labora-
tory treatment of water samples for studying the ecologically
significant objects remains relevant (Balzano et al., 2015).
The light absorbing and fluorescing chlorophyll and accessory
pigments are inherent to the algae, which provides great
scope for rapid remote sensing of algal abundance in differ-
ent aquatic environments. In their pioneering work, Clarke
et al. (1970) used an airborne spectroradiometer for record-
ing the spectra of solar radiation, backscattered from the
Sargasso Sea and coastal waters. In authors' judgment, the
shape of these spectra demonstrated much potential for
yielding information about algal chlorophyll in the near sur-
face layer in spite of the fact that there were no radiance
minima attributable to the absorption of light by algal pig-
ments. At present, these potentialities are implemented as a
system of satellite instrumentation, techniques, band-ratio
algorithms, and discoveries described in thousands of pub-
lications. It is precisely the satellite information of global
coverage that underlies the present day knowledge of geo-
graphy, duration, and scales of algal blooms and inhomo-
geneities of optically significant admixtures in the World
Ocean (McClain, 2001; Świrgoń and Stramska, 2015).

These successes were achieved thanks to orbiting multi-
spectral ocean color scanners (OCSs) run by the NASA and ESA
since 1978. Elimination of atmospheric contribution into the
OCS products (atmospheric correction) makes them indis-
pensable for ocean studies. The OCSs are distinguished by
swaths more than 1000 km wide, ground sample distance
(GSD) close to 1 km or less, and rated revisit time as short as
1—2 days which fits well to time and space scales of algal
blooms. Such a consistency has been achieved at the expense
of spectral resolution of the OCSs, which usually have several
spectral bands in the visible range. This is insufficient for
reliable identification of blooming algae from manifestation
of individual absorption and fluorescence bands of algal
chlorophyll and accessory pigments in the satellite reflec-
tance spectra of the sea surface. At the same time, mani-
festations of this kind were occasionally reported in
publications based on data of the shipborne hyperspectral
radiometers.

When recording the Rrs spectra with a floating spectro-
meter in the Falkland Current frontal zone, Kopelevich et al.
(2005) observed a broad minimum in the violet-blue range
roughly at 440 nm where the absorption band of chlorophyll a
belongs. This fact agrees well with information on blooms of
various algae in the system of Falkland-Brazilian currents and
the Patagonian Continental Shelf (Ferreira et al., 2013;
Painter et al., 2010; Sabatini et al., 2012). Lubac and Loisel
(2007) used a ship-borne spectrometer and recorded reflec-
tance spectra having well-defined minimum in the blue-
violet wavelength range. The minimum took place exclusively
at stations in the English Channel where chlorophyll and
cell counting in water samples provided evidence of the
Phaeocystis globosa bloom. Similar shapes of the wavelength
dependence of water-leaving radiance have been revealed by
Soloviev (2005) when analyzing the images of the Caspian and
Baltic Seas obtained with the OCS MODIS (Moderate Resolu-
tion Imaging Spectroradiometer) during blooms of Nodularia
spumigena in summer 2005.

The MODIS determinations of sea surface reflectance have
been improved in spectral resolution within the shortwave
half of the visible spectrum upon data reprocessing version
R2013.1. The updated estimates of Rrs are now available at
the OceanColor website of NASA (http://oceancolor.gsfc.
nasa.gov/) as Level 2 products at GSD = 1 km and wave-
lengths l = 412, 443, 469, 488, 531, 547, 555, 645, 667,
and 678 nm. Using the updated MODIS imagery for the same
cyanobacterial bloom of 2005 in the Baltic Sea, we have
found that better spectral resolution makes possible to dis-
criminate the second shortwave reflectance minimum at
488 nm (Karabashev and Evdoshenko, 2015). Metsamaa
et al. (2006) have measured the spectra of absorption coeffi-
cients of the cyanobacteria Aphanizomenon flos-aquae “bal-
tica”, Anabaena circinalis and N. spumigena as the main
bloom-forming species in the Baltic Sea. In these organisms,
the absorption of light peaks at 439 nm, exhibits weaker
maximum at 479 nm, and tends to zero at 560 nm. The peak
at 439 nm corresponds to the absorption maximum of the
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chlorophyll a. The latter is universally present in the photo-
synthesis system of plants (the Soret band); the maximum at
479 nm points to the accessory pigments such as carotenoids
or phycobilins (Wozniak and Dera, 2007). Poutanen and
Nikkilä (2001) provided evidence of frequent occurrence of
the carotenoids in the Baltic waters during last half-century.

The above findings give grounds to anticipate that an
excess in the near-surface chlorophyll a concentration exhi-
bits as minimal Rrs(443) relative to Rrs(412) and Rrs(469)
reflectances (reflectance deficit due to chlorophyll a absorp-
tion) while inequalities Rrs(488) < Rrs(531) and Rrs(488) <
Rrs(469) indicate high content of accessory pigments (reflec-
tance deficit due to accessory pigments). If quantified, these
relationships appear promising for indication of algal blooms
based on multispectral OCSs data in waters whose waters
exhibit descending spectral slope at l < 500 nm.

The differences D1 = Rrs(443) � Rrs(412) andD2 = Rrs(488) �
Rrs(469) are the simplest quantitative indexes of variability of
algal pigments directly calculable from measured multi-
spectral reflectances. To our knowledge, the natural sub-
stances of non-algal origin, whose absorption bands
resemble the algal pigments in spectral characteristics,
are missing from marine environment. At the same time,
there are other sources of reflectance deficit in the short-
wave spectral range.

The sea surface spectral reflectance is predictable since
the second half of the last century (Jerlov, 1976; Mobley,
1994; Morel, 1988). It is universally accepted that the sea
surface reflectance dependence on wavelength of solar
radiation relies on the ratio Rrs(l) � bb(l)/a(l), where
bb(l) is the coefficient of total backscattering of light by
suspended particles and water and a(l) is the sum of absorp-
tion coefficients of water and admixtures. The latter are the
only components that are able to cause the reflectance
deficit by definition. Absorbance of water proper is irrelevant
to our aims because it is negligible at l < 500 nm and uni-
versally constant as compared to the absorbance of admix-
tures.

The colored dissolved organic matter (CDOM), or “Gelbst-
off”, had been discovered and understood by Kalle (1963) as a
substance, omnipresent in natural waters. The ubiquity of
the CDOM means that it belongs to the refractory DOM at
least partly. Dafner and Wangersky (2002) report that the
residence time of dissolved organic carbon (DOC) makes up
roughly 1300 years for the refractory DOC components in the
surface layer of oligotrophic gyre. The extra CDOM is obser-
vable during blooms due to lifetime excretions and degrada-
tion of algae. For example, a two-fold increase of CDOM
florescence intensity has been recorded in surface waters
upon the local bloom authenticated by biological observa-
tions in March 1974 off Peru (Karabashev, 2008). It is known
(Jerlov, 1976) that absorption of the CDOM exponentially
grows with diminishing wavelength:

aCDOMðlÞ ¼ aCDOMðl0Þe�Sðl�l0Þ: (1)

The slope S varies as 0.0165 � 0.0035 in diverse waters
depending on origin and residence time of the CDOM
(Schwarz et al., 2002). The CDOM is difficult to trace in
the clear ocean waters. Respectively, their spectral reflec-
tance is inversely dependent on the wavelength from 400 to
700 nm. Measurable concentrations of CDOM in water, typical
of oceanic periphery and inland seas, attenuate the short-
wave reflectance to the extent that the reflectance spectrum
takes the form of a unimodal curve having a positively sloping
shortwave branch. Hence, the CDOM background widely
varies in residence time and magnitude.

The atmospheric correction is a source of weakly selective
bias in satellites Rrs estimates. Comparison of Rrs(l) from
orbiting OSC and concurrent reflectance spectrum from a
hyperspectral floating radiometer demonstrates that the
difference of such spectra gradually increases towards the
short- and longwave limits of the visible range (Burenkov
et al., 2001). Dense accumulations of colored suspended
mineral particles, the Aeolian fine sands from deserts alike,
are able to affect the shape of the Rrs(l). However, the
spectra of mass-specific absorption and scattering coeffi-
cients of mineral particles of different composition and
dimensions exhibit no traces of fine structures from 400 to
700 nm (Stramski et al., 2007).

Thus, the totality of conceivable admixtures in natural
seawater, excepting living algal cells, is a bearer of back-
ground absorption that adds up with the absorption of algal
pigments. By virtue of higher spectral selectivity of pig-
ments, subtraction of reflectances from spectrally close
channels of an OSC reduces at least partly the contribution
of non-algal background into the difference of reflectances
involved. The same is true concerning partial reduction of the
affect of atmospheric correction errors by subtraction. For
this reasons, the indexes may be helpful as a new means for
digesting already acquired multispectral information and as a
simple tool for operative assimilation of data supplied by
orbiting color scanners.

Our goals in this paper are two-fold. First, to propose the
indices of algal pigments in seawater based on manifestations
of pigments' shortwave absorption in data of satellite multi-
spectral color scanners. Second, to give proofs of diagnostic
potential of these indices as the first and necessary step prior
to the development of an algorithm to retrieve some bio-
optical parameters of algal blooms in seas and oceans.

We aspire to improve informativeness of currently func-
tioning multispectral sensors and to make available the new
information from global data sets collected with the help of
these sensors during last decades. That is why we avoid
considering the opportunities of hyperspectral remote sen-
sing. It offers many advantages over the multispectral
approach but for now is inferior to multispectral sensing in
spatial coverage and revisit time. The latter are of primary
importance for monitoring the algal blooms.

2. Material and methods

The algal blooms are unpredictable in time and space and
difficult to explore in Baltic-size or larger water basins.
Another difficulty is in the diversity of the bloom-forming
species and their adaptive behavior leading to inadequacy of
conventional techniques of water sampling (Kutser, 2004).
Having regard to the reconnaissance nature of our goals, we
took advantage of a less demanding approach. It is based on
availability of published evidence on the intensity, species
composition, and timing of blooms in certain marine areas
during operation of MODIS sensors. Analytical treatment
of archived MODIS imagery, corresponding to published
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evidence in time and location, underlies our approach. The
time span of MODIS operation since 2002 to the present and
better spectral resolution in the visible are the key advan-
tages of this sensor in reference to its forerunners and
contemporaries among the OCSs.

2.1. Study areas

2.1.1. The Baltic Sea
This basin belongs to one of the best-studied inland seas of
moderate latitudes. Here the cyanobacterial blooms occur in
summer. They were extensively studied and documented
during last decades under the aegis of HELCOM (Baltic Marine
Environment Protection Commission — Helsinki Commission)
and by individual researchers (Kahru et al., 2007; Vazyulya
et al., 2014; Wasmund et al., 2013; etc.). It was established
that the blooms are due to mass development of genera
Aphanizomenon, Nodularia and Anabaena. The Baltic mate-
rials are the best in sufficiency for our aims thanks to avail-
ability of published information on species composition,
time, extent, localization, and intensity of blooms during
operation of MODIS sensors.

2.1.2. The Black Sea
Early summer blooms of the coccolithophore Emiliania huxleyi
occur in the Black Sea (Burenkov et al., 2005; Cokacar et al.,
2001; Karabashev et al., 2006b; Yasakova and Stanichnyi,
2012). They are beyond the scope of the present study because
reflectance spectra of E. huxleyi blooms exhibit no traces of
shortwave reflectance deficit (Karabashev and Evdoshenko,
2015). The first bloom of N. spumigena in the Black Sea has
been recently observed in its NW shelf zone. This event has
been described at length in Alexandrov et al. (2012) and is
discussed in what follows.

2.1.3. The Caspian Sea
The blooms of N. spumigena happen from time to time in the
South Caspian Sea. One of the most intensive blooms took
place in August—September 2005. This is a valuable case of a
single species bloom against a background of evolution of a
mesoscale vortex. The satellite and conventional estimates
of blooms' characteristics are given in Moradi (2014), Nasrol-
lahzade et al. (2011) and Soloviev (2005).

2.1.4. The West Tropical Pacific (SWTP)
A comprehensive summary of aerial observations and/or
bucket sampling of cyanobacteria from cruises and various
transects made by the French Navy ships and the r/v Alis in
the SWTP region from 1998 to 2010 is given in Dupouy et al.
(2011). The later research (Biegala et al., 2014) corroborated
the contribution of Trichodesmium sp. into the cyanobacter-
ial bloom in this region. Using these sources as a guide, we
examined the MODIS imagery of the SWTP in the box from
208S, 1638E to 158S, 1698E for December—February of 2007.

2.1.5. The Patagonian Continental Shelf (PCS)
Reflectance spectrum, recorded with floating hyperspectral
radiometer in the Falkland Current frontal zone (Kopelevich
et al., 2005), was initially the only incentive to consider the
southwest Atlantic Ocean as an area where reflectance
deficit in the blue-violet range may be traceable due to high
density of phytoplankton population. The published evidence
on physics and biology of the area corroborated this idea
(Ferreira et al., 2013; Moreno et al., 2012; Sabatini et al.,
2012; and others).

Upon some testing for occurrence of narrowband short-
wave reflectance deficit and quality of satellite data, pre-
ference has been given to two images of the PCS collected
with MODIS-Aqua sensor in May 2012 in the box from 44.58S,
638W to 41.58S, 568W.

2.2. Materials and data treatment

2.2.1. Initial data
Based on time and locations of blooms, known from publica-
tions or preliminary searching, we downloaded the digital
images of relevant testing sites, obtained with the MODIS
sensors and available at the NASA portal at http://
oceancolor.gsfc.nasa.gov/. These archive materials involved
the standard products of level L2 in current version for
reflectances Rrs at wavelength l = 412, 443, 469, 488, 531,
547, 555, 645, 667, and 678 nm and chlorophyll concentra-
tion chl_a. We preferred the MODIS Aqua data to the Terra
imagery excepting few special cases.

The downloaded images were pre-processed with the
SMCS browser (Sheberstov, 2015). It operates on Windows-
systems, supports batch processing and visualization of data
of different satellite sensors, and allows to control the data
quality by means of flags and masks and to export fragments
of digital images in desired coordinates and formats, con-
venient for further data treatment with dedicated software.
When dealing with the SWTP data, we took advantage of the
Giovanni online system, developed and maintained by the
NASA GES DISC (Acker and Leptoukh, 2007). The system
allowed us to compose the distributions of spectral reflec-
tance Rrs(531) and bloom index D1 inside the box between
158S, 1628E and 208S, 1698E where MODIS data has been
averaged in cells 4 km � 4 km over 8-day periods starting
on December 3, 11, and 19, 2007.

2.2.2. Statistical analysis and visualization
We used the tools of descriptive statistics to compose and
visualize the patterns of variability of relevant quantities in
time and space. The K-means method of cluster analysis
served to reduce the dimensionality of initial data sets in
order to map the distribution of Rrs spectra over the PCS. The
number of clusters K = 10 has been chosen as a trade off
between intention to show the diversity of spectral shapes
and necessity to limit the number of gradations of indexes for
the sake of readability of the map. The average spectra of
clusters (or centroids) served as keys for reading the map
(Karabashev et al., 2006a).

We took advantage of linear regression analysis to find the
dependence of index D1 upon the concentration of chloro-
phyll a when treating the data of the Caspian Sea bloom. Use
has been made of the regional band-ratio algorithm for
retrieving chlorophyll concentration from MODIS reflectances
of the Caspian Sea (Kopelevich et al., 2013). This algorithm is
based on ground truthing data obtained with the help of a
floating spectroradiometer in the open Caspian Sea during
summer seasons. The Caspian Sea level L2 data were aver-
aged over a regular grid of cells 2 km � 2 km to remove
irrelevant details of spatial distributions.

http://oceancolor.gsfc.nasa.gov/
http://oceancolor.gsfc.nasa.gov/
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2.2.3. Adaptation of indices to reflectance spectra of
waters of diverse transparency
In clear ocean waters, the spectral reflectance grows to the
shortwave limit of the visible spectrum (see Section 1). This is
the case of the SWTP region. We have to adopt the chlor-
ophyll index D1 = Rrs(443) � Rrs(469) in order to maintain the
negativity of D1 as a feature of reflectance deficit due to
chlorophyll a in waters of oceanic transparency. In such
waters, Rrs(443) � Rrs(412) < 0 is a permanent property
regardless of the deficit at 443 nm.

The PCS region is known as a meeting place of the open
ocean and shelf waters. Therefore, we adopted
D1 = Rrs(443) � Rrs(469) as a chlorophyll a indication by ana-
logy with the SWTP region. No spectra with the reflectance
minimum at 488 nm have been found in both images of the
PCS region. Instead, large fraction of pixels of the latter
exhibited reflectance deficit at 469 nm. On these grounds,
index D2 = Rrs(469) � Rrs(488) has been tentatively adopted
for accessory pigments in the PCS region. These adaptations
should be kept in mind when comparing information from
different testing sites.

3. Results

3.1. Extreme patterns of shortwave reflectance

The spectra in Fig. 1 belong to pixels having the lowest
estimates of indices D1 or D2 among the pixels of an indivi-
dual MODIS image. To reduce the effect of random errors, we
reproduce the spectra having the lowest and second-lowest
estimates of D1 and D2. The spectra are designated by
Figure 1 Reflectance spectra having the lowest (11) and the secon
second-lowest (22) minima at 488 nm during blooms in the following a
588N, MODIS Aqua, July 10, 2005; Panel 2: the Black Sea (bls) from 30.98
Caspian Sea (csp) from 49.58E, 37.58N to 528E, 38.758N, MODIS Aqua, S
1698E, 198S, MODIS Terra, December 10, 2007; Panel 5: the PCS waters (
abbreviation of testing site name and digital code. For
instance, blt11 in panel 1 designates the spectrum from
the Baltic Sea having the lowest index D1, blt12 points to
the spectrum having the second-lowest D1 and blt22 means
the spectrum with the second-lowest D2. Thus, Fig. 1 displays
the initial spectral shapes unaffected by our data processing.

The spectra from inland seas (panels 1—3 in Fig. 1) are
similar in wavelength of their main maxima in the green. The
amplitudes of these maxima are 4—5 times as high as reflec-
tance level of the same waters under bloom-free conditions.
In the Baltic Sea, there is evident difference between shapes
of spectra Rrs(l), having maximal D1 or D2. The same spectra
are virtually indistinguishable in the Black and Caspian Seas.

The SWTP spectra feature the simplest shape having well-
reproducible minimum at 443 nm. The same minimum is
present in spectra of the PCS regions but much larger reflec-
tance deficit is evident at 469 nm.

3.2. Variability of the indices

3.2.1. Baltic Sea bloom in July 2005
This bloom is one of the most intensive cyanobacterial Baltic
blooms for last decades in spatial coverage, sea surface
reflectance level, and biological characteristics (Wasmund
et al., 2013). Satellite images of this bloom frequently
illustrate materials dedicated to nature conservation.

The maps in Fig. 2 reproduce the pixel-by-pixel distribu-
tions of indices D1 and D2 along with Rrs(555) from the MODIS
image of the Eastern Gotland Basin of July 10, 2005, when the
bloom was close to culmination. The distributions exhibit
similar structures despite the fact that indices D1 and D2 are
d-lowest (12) minima at l = 443 nm and the lowest (21) and the
quatic areas. Panel 1: the Baltic Sea (blt) from 188E, 558N to 218E,
E, 46.08N to 31.78E, 46.58N, MODIS Aqua, July 7, 2010; Panel 3: the
eptember 1, 2005; Panel 4: the SWTP (SWTP) from 1688E, 208S to
ptg) from 638W, 44.58S to 588W, 41.58S, MODIS Aqua, May 18, 2012.



Figure 2 The distributions of indices D1 [% sr�1] (a), D2 [% sr�1] (b), and reflectance Rrs(555) [% sr�1] (c), pixel-by-pixel calculated
from the MODIS image of the East Baltic Sea of July 10, 2005. White triangles in panel a mark the pixels having spectra blt11 and blt12 in
panel 1 of Fig. 1. Stars in panel b mark the pixels having spectra blt21 and blt22 in panel 1 of Fig. 1.
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much lower in amplitude and lack precision as compared to
the Rrs(555) estimates. It is notable that the pixels of the
lowest and second-lowest estimates of D1 belong to the
bloom maximum between 568N and 578N whereas analogous
pixels of D2 reflectance deficit occurred within another
maximum divorced from the former one.

To judge the time dependence of the spectral features of
these blooms, use has been made of MODIS images of testing
Figure 3 The histograms of reflectance Rrs(555) and indices D1 and D
18.3418E, 55.1558N to 20.5378E, 57.8678N in the East Gotland Basin fo
designates the frequencies of occurrence of values of respective va
site in the East Gotland Basin of the Baltic Sea from 18.348E,
55.168N to 20.548E, 57.878N (see Fig. 2). The images were
obtained in July 2005 for year days (YD) 185, 186, 187, 190,
191, 192, and 194. After calculating the D1 and D2 for every
pixel of an image of a particular YD, we plotted the histo-
grams of these indices along with the histograms of Rrs(555)
as a proxy for bloom intensity (Fig. 3). The displacements
of the high-end wing of the histograms for Rrs(555) and the
2 calculated from the MODIS images of the same testing site from
r year days (YD) 185, 186, 187, 190, 191, 192, and 194 in 2005. N
riables in bins of the X-axes.



Figure 4 Distributions of reflectance Rrs(555) and index D1 in
the South Caspian Sea of August 18 (YD 230) and September 1 (YD
244), 2005. Panels 1 and 2 display the localization of the bloom
relative to 100 m depth contour at initial and culmination stages
of the bloom. The horizontal arrows mark the starting point of
the zonal profiles of D1 and Rrs(555) in panel 3 passing through
the center of the anticyclonic vortex at 38.188N. The left vertical
arrow in panel 3 indicates the distance L = 72 km from starting
point of profile to Rrs(555) minimum at vortex center while the
right arrow marks the position of Rrs(555) maximum east of the
vortex center.
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low-end wings of the histograms for D1 and D2 during bloom
period indicate extreme bloom intensity in terms of these
quantities regardless of probable inconstancy of the amount
of pixels of acceptable quality within the same testing site.

The Rrs(555) histograms 185 and 186 in Fig. 3 belong to the
same range of Rrs(555) < 1.5% sr�1, which roughly corre-
sponds to the medium level blooming. The fraction of the
highest Rrs(555) > 2% sr�1 was the most numerous on the YD
191, which is the day of bloom's peak in terms of the Rrs(555)
level. The lowest fraction of D1 < �0.15 was the most popu-
lated on YD 190 while the lowest D2 were the most abundant
on YD 187 (Fig. 3). This means that the reflectance deficit at
443 and 488 nm was one or several days ahead of the highest
reflectance peak at 555 nm. Notice that histograms of D1 and
D2 for YDs 192 and 194 returned to their earlier ranges on YDs
185 and 186 whereas considerable fraction of Rrs(555) >
1.5% sr�1 survived until YD 194.

3.2.2. Caspian Sea bloom of August—September 2005
Initially, the bloom shows up as a combination of quasi-linear
elements distinguished from the background by slightly
higher Rrs(555) (panel 1 in Fig. 4). In 2 weeks, a mesoscale
cyclonic vortex develops in the west of the testing site, and
the whole bloom takes the shape of a comet with the vortex
as its head in the west and filament-like structures as its tail
in the east (panel 2 in Fig. 4). This evolution took place
beyond the reach of coastal influences and in a deep basin,
which excludes the contribution of near-bottom resuspended
sediments into water surface reflectance. Under these con-
ditions, the variations of D1 and Rrs(555) were inversely
correlated lengthwise in the zonal profile at 38.188N (hor-
izontal arrow in panel 2) which is evident from distributions
of D1 and Rrs(555) in panel 3. Notice that the western part of
testing site on YD 230 appears as a bloom-free space.

Consider now the reflectance spectra in Fig. 5, plotted from
data at the center of the vortex (L = 72 km for YD 230 and 244,
left panel) and at site of L = 90 km where Rrs(555) peaks (right
panel). It is evident that spectra 1—3 are more or less similar to
each other in shape and magnitude while spectrum 4 exceeds
them at least three-fold in amplitude. Spectrum 3 is lower in
amplitude than the spectra 1 and 2. It is worth noting that
D2 < 0 and D1 > 0 under fore-bloom conditions on YD 230
(spectrum 1 in Fig. 5) while D1 < D2 < 0 at the time of bloom
culmination (spectrum 4 in Fig. 5).
Figure 5 Left panel: reflectance spectra at site of vortex center (72 km) prior to (1, YD 230) and during (2, YD 244) the bloom. Right
panel: the same but at site of Rrs(555) maximum east of vortex center (see Fig. 4). Spectrum 4 belongs to reflectance range 0—3% sr�1.



Figure 6 Dependences of index D1 on concentration of chlo-
rophyll a CHLLOO (regressions D1(CHLLOO)), found from MODIS
reflectances at X-coordinates of the profile in panel 3,
Fig. 4. Regional algorithm (2) has been used to estimate
CHLLOO. The dashed regression line and dots correspond to data
of YD 230, 2005; the solid regression line and crosses are for YD
244, 2005. R2 represent the estimates of coefficients of deter-
mination. For details, see text.
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Evolution of the bloom against a background of mesoscale
vortex resulted in strong intermittence of content of opti-
cally significant admixtures in the zonal profile across the
vortex' center. This and localization of the profile far away of
coastal zone and shallows provide favorable conditions for
testing the concentration dependence of indices. The stan-
dard algorithms for calculating the chlorophyll a content
Figure 7 Average reflectance spectra Rrs(l) from gridded MODIS-Aq
8-day periods starting on December 3 (a), December 11 (b), and Decem
been calculated from MODIS data subsets whose estimates of inde
+0.5 < D1 < +0.10, +0.15 < D1 < +0.20, and +0.25 < D1 < +0.30 (fo
from satellite reflectance are famed for poor performance
in waters of inland seas (Blondeau-Patissier et al., 2014).
Upon the abortive attempt to use the MODIS standard product
chl_a for finding dependence of D1 on chlorophyll a, we took
advantage of the regional algorithm (Kopelevich et al., 2013)
for estimating the content of chlorophyll a from MODIS
Rrs(488) and Rrs(555) at X-coordinates of the profile in
Fig. 4, panel 3. The formula is of the form

CHLLOO ¼ 0:573
Rrsð488Þ
Rrsð555Þ

� ��2:39

: (2)

The subscript LOO stands for the Laboratory of Ocean Optics.
In Fig. 6, regressions D1(CHLLOO) exemplify the results for YD
230 and YD 244, 2005. In the same profile, the standard
estimates of MODIS chlorophyll chlor_a are characterized by
14.03 mg m�3 for the mean and from 2.1 to 37.6 mg m�3 for
the range. Finally, we calculated the regressions D2(CHLLOO)
and found larger data scatter and reduces R2 to 0.563 for YD
230 and to 0.763 for YD 244 as compared to R2 = 0.9 in the
case of D1(CHLLOO).

3.2.3. The SWTP bloom
Fig. 7 shows the reflectance spectra at different levels of
index D1, calculated from distributions found with the help of
the Giovanni online system in the SWTP region. These dis-
tributions indicate gradual advancement of higher reflec-
tance to the west of the Vanuatu Archipelago but they were
depreciated because of data gaps due to cloudiness. Pre-
senting results as averaged spectra instead of 2D patterns
spares space but keeps the main outcomes.

In Fig. 7, the shape of spectra, having positive D1, is
typical of the clearest ocean waters. The negativity of D1
decreased with time faster during the first half of the 24-day
period against a background of growth of Rrs at l > 500 nm. In
spite of data losses, the spectra having D1 < 0 survived until
the end of this period. This means that the spectra in panel 4
of Fig. 1 are not accidental and characterize one of the
ua data in the SWTP box between 208S, 1638E and 158S, 1698E for
ber 19 (c), 2007 (see Sections 2.2.1 and 2.2.3). The spectra have
x D1 hit the intervals �0.15 < D1 < �0.10, �0.05 < D1 < 0.0,
r details see text).
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inherent features of bloom in the SWTP region in December
2007.

3.2.4. The PCS patterns
Diversity of spectral shapes is the most remarkable feature of
the PCS. The cluster analysis has helped us to reduce this
diversity to observable level. Fig. 8c demonstrates that the
spectra ptg11 and ptg12 (Fig. 1) belong to the same domain of
cluster 6 and spectra ptg21 and ptg22 belong to the same
domain of cluster 7. In our view, such consistency of geo-
graphy and spectral shapes involved provides evidence
of objective character of clustering outcomes because the
Figure 8 Cluster analysis of reflectance spectra Rrs(l) as
applied to the MODIS-A image of the PCS from 44.58S, 638W to
41.58S, 588W, collected on May 18, 2012. Panels a and b serve as a
key for reading the map in panel c. Panel a shows mean spectra
(centroids) of four clusters having minima at 443 nm (centroid 7)
and at 469 nm (centroids 2, 6, 8). Panel b displays the centroids
of the off-shelf clusters 4 and 5 and the inner-shelf clusters 1, 3,
9, 10 (all in black in panel c) having centroids peaks at 488 nm. In
panel c, the numbers of gray shades correspond to numbering of
centroids in panels a and b. The gravel pattern in the map
indicates the domain of cluster 6 having the lowest Rrs(469).
The arrow indicates the direction of general water transport in
the area. The triangles and stars mark the sites of pixels having
spectra ptg11, ptg12 and ptg21, ptg22 in panel 5, Fig. 1, respec-
tively. The depth contours (dashed, [m]) are based on the data
processed with the GEBCO Grid Demonstrator v. 2.13.
ptg-spectra and centroids of spectral clusters have been
found using different criteria and procedures.

The K-means clustering of reflectance spectra on the
pixel-by-pixel bases revealed three groups of spectral types.
They are given in panels a and b of Fig. 8. The outer PCS
between 75 and 125 m isobaths was dominated by pixels of
cluster 6 (gravel pattern in the map, Fig. 8). Among the
spectra in Fig. 8a, the cluster 6 is distinguished by the lowest
Rrs(469). The spectra of clusters 2 and 8 have minima at
469 nm too but their amplitude is lower as compared to that
of the cluster 6. Clusters 4 and 5 belong to pixels in the
continental slope area. The similarly shaped centroids of
clusters 1, 3, 9, 10 belong to the inner part of the PCS west
of the 75 m isobath.

The centroid of cluster 7 in panel a is the only spectrum
having minimum at 443 nm. The domain of cluster 7 inter-
faces the outer and inner shelf areas. After subdividing the
set of spectra of cluster 7 into 10 sub-clusters, we have found
that the pixels, having spectral minima at 443 nm, outnum-
ber those having minima at 469 nm among the pixels of
interfacing domain. We have found no indications of pixels
having spectral minimum at 488 nm over the whole PCS area
shown in panel c, Fig. 8.

It should be mentioned that spectra of the MODIS image of
May 2, 2012 of the PCS area has been clustered using the same
procedure. The set of ten centroids was certainly similar to
that of May 18 excepting underpopulated clusters whose
spectra recall the centroids 6, 2, 8 in Fig. 8, panel a. The
domain of spectrum 6 extended, at most, to 618W. To all
appearance, the image of May 2 reproduced the same bloom
at earlier stage of evolution. We omitted respective results to
spare space.

4. Discussion

4.1. Variety of reflectance deficit in the blue-
violet range

The CDOM presence in water is easy to recognize in the above
satellite reflectance spectra in panel b, Fig. 8. The spectra 1,
3, 9, 10 correspond to waters, rich in suspended matter and
CDOM. They belong to inner shelf (black shade in panel c) and
exhibit reflectance decline following the growth of CDOM
absorption from green to violet.

The spectra of this kind are typical of waters of low and
moderate transparency (inland seas, shelf areas, shallows,
climatic upwelling areas, etc.). Here reflectance deficit of
algal origin adds up with the deficit due to CDOM. When
calculating the indices D1 and D2 as differences of Rrs of
neighbor channels of MODIS sensor, we substantially reduce
the affect of inconstancy of the CDOM background but the
latter survives in the case of using the ratios of Rrs of the same
channels instead of differences.

Another sort of reflectance deficit arises due to atmo-
spheric correction errors. They are coincidentally frequent in
the areas of higher CDOM content. Such errors are easy to
discriminate when they are large to an extent that negative
spectral reflectances appear among the pixels' attributes. As
a rule, this is typical of reflectances from channels at
l < 500 nm and l > 600 nm, but the absence of negative
estimates of Rrs does not mean that pixels' attributes are
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free of such errors. Again, quantifying the algal reflectance
deficit as difference of Rrs of neighbor channels substantially
reduces the damage caused by errors of atmospheric correc-
tion. These circumstances are favorable for diagnostic appli-
cations of indices D1 and D2.

4.2. Diagnostic potential of indices D1 and D2

The use of index D1 as a measure of content of chlorophyll a in
water is justifiable by the fact that the absorption band of
this pigment peaks roughly at 443 nm (Wozniak and Dera,
2007). From the very beginning of satellite remote sensing of
seas and oceans in the visible range, any orbital multispectral
sensor is equipped with a channel, centered at 443 nm. As for
the index D2, its diagnostic capability is less definite. Among
previously named carotenoids and phycobilins, there are
pigments whose absorption bands peak near 488 nm. The
same is true concerning such accessory pigment as chloro-
phyll c. It is worth to notice that spectral shapes, having well
defined minima at 443 and 488 nm, took place in the Baltic,
Black, and Caspian Seas. From the previously mentioned, it
may be seen that N. spumigena was always present among
the species responsible for blooming event in all three seas.
The same species was the only contributor into the blooms in
the Black and Caspian Seas.

The SWTP spectra, deprived of D2 minima, resulted from
blooming of Trichodesmium sp. These are the grounds to
anticipate that changes in negative estimates of D2 are
mainly due to the reflectance deficit caused by accessory
pigments of N. spumigena. If this is the case, one might
expect certain disagreements of D1 and D2 behavior in space
and time due to differences of functions of main and acces-
sory pigments.

In Fig. 2, the pairs of pixels, having the lowest and second-
lowest D1 and D2, are tens of kilometers apart from each
other. Besides, they belong to structural elements that differ
in extent and orientation. According to histograms in Fig. 3,
describing the time dependence of cyanobacterial bloom of
2005 in the Baltic Sea, the estimates of D2 has reached their
lowest level ahead of D1 and the lowest D1 estimates occurred
ahead of Rrs(555) culmination. Qualitatively, this sequence
appears natural because the estimates of Rrs(555) depend on
total content of backscattering particles, including remains of
algal cells, while D1 and D2 relate to living organisms.

The case of the Caspian Sea (Fig. 4) allows to distinguish
the following stages of bloom event: prior-to-bloom condi-
tions (western part of the area in panel 1), a “young” bloom
(eastern part of the area in panel 1), the bloom in the prime
of life (western part of the area in panel 2), and the bloom of
advanced age (east of the same area). This sequence corre-
sponds to gradual development of bloom in the east accord-
ing to several images, collected prior and upon YD 230, and to
later evolution of the bloom against a background of the
westwards bound mesoscale vortex. It is worth noting that
D2 < 0 and D1 > 0 under fore-bloom conditions on YD 230
(spectrum 1 in Fig. 5) while D1 < D2 < 0 at the time of bloom
culmination (spectrum 4 in Fig. 5). This is another indepen-
dent argument in support of the above evidence of earlier
occurrence of D2 < 0 relative to timing of D1 < 0 at the initial
stage of bloom development.

Under the fore-bloom conditions (YD 230), the estimates
of D1 remained weakly positive but D2 fluctuated at zero
level. When passing to the next stage, the D1 estimates
jumped from 0.1 to �0.15% sr�1 and gradually declined to
zero. The estimates of D2 exhibited the same changes but
within narrower limits.

The panel 3 in Fig. 4 demonstrates strong intermittence of
estimates of D1 lengthwise in the zonal profile across the
vortex center (YD 244). Respective estimates of D2 fluctu-
ated from 0 to �0.1 levels. The similarity of the Caspian and
Baltic blooms of 2005 is in the fact that negative D2 appeared
slightly ahead of negative D1. We anticipate that this pecu-
liarity is inherent to blooms of N. spumigena regardless of
specific features of environment and may be used for early
warning of highly harmful N. spumigena.

The outcomes of regression analysis of the Caspian Sea
bloom substantiate the hopes of diagnostic capabilities of
index D1. Regardless of maturity of the bloom, regression
lines for YDs 230 and 244 are indistinguishable in their
linearity and estimates of R2 (Fig. 6). The latter means that
chlorophyll concentration was virtually the only contributor
into the variations of D1 estimates along the zonal profile
across the bloom. However, the regression lines go closely in
parallel but they do not coincide. This may be due to the
specific features of algorithms for retrieving the chlorophyll
concentration from the satellite reflectances. The Caspian
bloom significantly enhanced the shortwave reflectance def-
icit due to CDOM and shifted the wavelength of reflectance
maximum to 555 nm (compare spectra 2 and 4 in Fig. 5).
These affects may be due to surface scums which are char-
acteristic of blooms of N. spumigena and were detected at
mature stages of the bloom in the south Caspian Sea in 2005
(Moradi, 2014).

Relationship of regressions D1(CHLLOO) and D2(CHLLOO)
(see Section 3.2.2) fit well to the assumed partial co-variance
of main and accessory pigments at the time of bloom devel-
opment. Index D1 and CHLLOO closely co-varied during early
and mature stages of the bloom, as it should be when
comparison characteristics depend on the same carrier (algal
chlorophyll in our case). The lowest correlation links index D2
and CHLLOO in the beginning of bloom and correlation of
intermediate strength describes their coupling at later stage
of blooming. This sequence agrees with the above conclusion
concerning leading behavior of D2 relative to D1 during initial
stage of a bloom.

4.3. The special case of the Patagonian
Continental Shelf

In the inland seas, the CDOM reflectance deficit exceeded the
algal one (the D1 and D2 minima are superimposed on the
descending slope of Rrs(l)) while CDOM deficit was negligible
in the SWTP and D1 minimum interrupted monotonous growth
of reflectance with diminishing wavelengths. In the PCS
proper (cluster 6 in panel c, Fig. 8), the algal and CDOM
reflectance deficits were more or less comparable in ampli-
tude.

Three features are worth to noting. First, cluster 6 is the
most populated among clusters whose centroids are given in
panel a, Fig. 8. Second, this centroids are the only that
exhibit Rrs maximum at l > 650 nm, usually attributable to
fluorescence of chlorophyll a. Third, centroid 6 exhibits the
highest magnitude of reflectance minimum at 469 nm. The
same minimum is traceable in centroids of clusters 4 and 5,
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whose general view is similar to general view of Rrs spectra in
the SWTP region. The clusters 4 and 5 are common in the zone
of continental slope tens of miles east off the outer shelf. To
all appearance, absorption peak at 469 nm was a character-
istic feature of the PCS bloom in May 2012, and traced the
lateral water exchange between the shelf proper and the
zone of continental slope.

The broad shortwave Rrsminimum, recorded with the help
of a hyperspectral ship-borne instrument in the Falkland-
Brazilian current system (Kopelevich et al., 2005), recalls the
centroid 6 in Fig. 8, panel a. Spectrum 6 belongs to four
spectral types characteristic of water of the outer shelf area.
In total, they substantially differ from spectral shapes of
inland seas and SWTP region.

The spectral properties of centroids in panel a of Fig. 8
may be regarded as a result of partial superposition of
absorption bands of chlorophyll a and accessory pigments
whose absorption band peaks closer to 469 nm than to
488 nm. Such pigments can be inferred from Wozniak and
Dera (2007). An alternative interpretation follows from
findings of Welschmeyer (1994). Based on recent acknowl-
edgment of the presence of chlorophyll b in marine phyto-
plankton, the author demonstrates that the shortwave
absorption bands of chlorophylls a, c2, and b, extracted from
algal cultures, peak from 430 to 460 nm and partially super-
impose each other. When recorded with a low-resolution
instrument in living algal cells, this triplet may appear as
a single broad band, red-shifted by 10—30 nm relative to
absorption maximum of chlorophyll a.

A question arises: whether we are dealing with a single
species as a carrier of the whole set of pigments involved or a
number of species as carriers of individual pigments from the
similar set. In our view, the presence of spectral types 4 and
5, found far beyond the outer shelf and marked by the same
reflectance deficit, as spectrum 6 (Fig. 8), provides evidence
in favor of the first choice. Otherwise, we have to admit that
different algal species were equally successful in surviving
the lateral water exchange between the regions of the outer
shelf and continental slope.

4.4. Limitations and difficulties

The abovementioned failure to find the reflectance deficit
due to chlorophyll in Rrs spectra during coccolithophore
summer bloom in the Black Sea arises out of the fact that
the backscattering of light by the calcite shells of these algae
is disproportionally strong relative to content of pigments in
their cells. This is a fundamental distinction of the cocco-
lithophores. Therefore, reflectance deficit approach is uni-
versally inapplicable to the blooms of the coccolithophores.
At the same time, the satellite monitoring of blooms of other
species against a background of high content of coccolitho-
phores and/or coccoliths may be successful because the
background components of reflectances are reducible when
estimating D1 and D2 by subtraction of spectrally close
reflectances.

We failed to find manifestations of shortwave reflectance
deficit in certain regions of a fortiori highest content of
chlorophyll, CDOM, and suspended particles (Curonian
Lagoon of the Baltic Sea in summer, the inner PCS areas
(spectra 1, 3, 9, 10 in panel b, Fig. 8) and the like). At the
same time, there is an example of well-marked reflectance
deficit in the blue-violet range according to MODIS data
obtained quasi-concurrently with the recording of smooth
Rrs spectrum by means of a floating hyperspectral spectro-
meter (Fig. 13, panel d, sta 17F in the east of the Gulf of
Finland (Vazyulya et al., 2014)). Based on the shape of
longwave hyperspectral reflectance, the authors assume
the contribution of cyanobacterial bloom into the spectral
shapes of Baltic waters during their observations. The Baltic
cyanobacteria tend to produce the surface scums and to
scatter over subsurface thickness depending on the environ-
mental conditions and time of day. This and other adaptive
mechanisms of the cyanobacteria create enormous difficul-
ties in obtaining adequate information concerning their
abundance and distribution (Kutser, 2004). It is permissible
to assume that surface accumulation of cyanobacteria took
place at sta 17F and the floating spectrometer, being partially
submerged, underestimated the content of their pigments in
the surface film while the MODIS radiometer sensed both the
film and the underlying layer.

5. Conclusion

The main outcome of our study is an initiation of a new
approach to monitoring the algal blooms in seas and oceans
by means of multispectral color scanners. We quantified
manifestations of shortwave reflectance deficit, caused by
absorption of solar radiation by algal photosynthetic pig-
ments. Difference of reflectances from a pair of neighbor
spectral channels, one of which is tuned to absorption band of
a specific pigment, served as a measure of the deficit. The
threshold of bloom detection in terms of concentration of
chlorophyll a is close to 0.4—0.5 mg m�3 and corresponds to
slightly positive estimates of index D1 in the case of a
cyanobacterial bloom (Fig. 4).

The difference-based index is advantageous over indica-
tions based on reflectance ratios because subtraction of
spectrally close reflectances reduces the bias due to broad-
band reflectance deficit caused by the CDOM absorption and
atmospheric correction errors. The disadvantage of the same
index is in higher random errors inherent to subtraction
results. To our knowledge, the algal pigments are the only
natural substances in aquatic environment whose absorption
bands have the half-width making up only a fraction of the
blue-violet range. If this is the case, the manifestations of
narrow-band reflectance deficit are attributable exclusively
to the algal pigments.

The indices presented here may already be applied to
current satellite monitoring of algal blooms and to treatment
of archived data of orbital multispectral sensors. In three of
four non-PCS cases, we were dealing with the blooms con-
tributed by N. spumigena. The latter was the major con-
tributor into the Caspian and Black Seas blooms. This species
attracts attention as one of the most frequent and harmful
cyanobacteria. The prospect of using the D2 estimates as a
forerunner of N. spumigena blooms follows from the
enhancement of D2 ahead of D1 during blooms in the Baltic
and Caspian Seas. Our visual inspection of Rrs spectra in early
summer MODIS images of different Baltic Sea regions
revealed frequent occurrence of close-to-zero reflectance
deficit at l = 488 nm during years of moderate and strong
blooms.
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More works will have to be done to recognize the full
worth of the diagnostic potential of the reflectance deficit
due to algal pigments. Highly variable spectral patterns of
the PCS region give notice of broader range of problems that
may become accessible if narrow-band manifestations of
reflectance deficit will be quantified by more precise and
adequate models than the simplistic difference of two reflec-
tances. In any case, a definitory formula has to involve the
subtraction of measured or simulated background reflec-
tance from level L2 data in order to retrieve the content
of pigments from shortwave manifestations of algal absorp-
tion in reflectance field. This procedure may be regarded as a
band-difference retrieval algorithm by analogy with the
current band-ratio algorithms. Given the above advantages
and limitations of the proposed indices, the former algorithm
may be useful supplement to the latter ones.
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