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Abstract: Aim: This paper proposes an approach for using remote sensing data for identification and
mapping of cyanobacterial blooms; Methods: It uses two sets of spectra (empirical and theoretical) as
reference to classify the areas of cyanobacteria blooms using a Hyperion image acquired over the Patos
Lagoon, located in Rio Grande do Sul State, Brazil. To circumvent cyanobacteria misclassification due
to suspended inorganic particle (SIP) scattering, pigment band ratios — phycocyanin (650/620 nm) and
chlorophyll-z (700/680 nm) - were applied; Results: An area of 22.5 km? prone to cyanobacterial blooms
was mapped into 5 classes with chlorophyll-z concentration varying from 8 to 1,000 pg.L™" using both,
empirical and theoretical spectra; Conclusions: The results corroborate the general spectral features
of cyanobacterial blooms and indicated that band ratios operation removed the areas affected by high
concentrations of SIP.
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Resumo: Objetivo: Este artigo apresenta um método de identificagio e mapeamento de floragoes de
cianobatérias utilizando imagem do sensor hiperespectral Hyperion/EO-1; Métodos: O método aplica
dois conjuntos de curvas espectrais (uma empirica e outra tedrica) como referéncia para classificar dreas
potenciais de ocorréncia de cianobactérias na Lagoa dos Patos localizada no Estado do Rio Grande do
Sul Rio Grande, Brasil. De modo a evitar que particulas inorganicas fossem indevidamente classificadas
como cianobactérias devido ao espalhamento da radiacio por particulas inorgnicas em suspensao (PIS)
foi realizada a interseccio das dreas resultantes do cdlculo da razio entre as bandas referentes as absorcoes
pela ficocianina (650/620 nm) e clorofila-a (700/680 nm); Resultados: Uma drea total de 22,5 km?
potencial na ocorréncia de cianobactéria foi identificada e classificada em 5 classes de concentragoes de
clorofila-a variando entre 8 ¢ 1000 pg.L™ a partir dos conjuntos de espectros de referéncia — empirico e
teérico — com 88% de similaridade entre eles; Conclusées: Os resultados corroboram as feigoes espectrais
de floracoes de cianobactérias e indicam que as 4reas afetadas pelo efeito de espalhamento pela presenca
de altas concentragoes de PIS foram removidas pela metodologia aplicada.

Palavras-chave: ficocianina, clorofila-, sensoriamento remoto, hiperespectral, Lagoa dos Patos.

1. Introduction

Algal blooms represent a significant and growing threat
to aquatic systems, since it spoils the water quality for hu-
man and ecological uses. Some algae genera produce toxins,
which can be harmful to human healthy and fisheries. The
occurrence of cyanobacterial blooms, mainly the genera
Aphanothece sp., Anabaena sp. and Microcystis sp. in the
Patos Lagoon located in Rio Grande do Sul state, has been
reported since early 1980’s (Betito, 1984; Matthiensen
etal., 1999; Yunes, 2009). Those authors relate the blooms
to the increasing water pollution from untreated domestic
and industrial sewage from Rio Grande urban area. The
sewage increases the nutrient input beyond natural level
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and triggers the environmental set for bloom outbreak at
Arraial and Mangueira bays.

Ever since, the frequency and density of blooms in-
creased up to a level that Mangueira bay was included in
the list of world’s dead zones (Diaz and Rosenberg, 2008)
due to the constant extremely low Dissolved Oxygen con-
centration (DO) and high eutrophication levels. Those
two variables are detrimental to aquatic system biodiversity
because they favor algae groups with wider environmental
requirements such as cyanobacteria. This group can intake
atmosphere oxygen, and control light availability by mov-
ing up and down in the water column, affecting the entire
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trophic chain and water resources availability for life sup-
port (Yunes et al., 1996; Metsamaa, 2005).

In spite of being well known the cyanobacteria genera
and the factors controlling the blooms in Patos Lagoon,
there is a lack of information of its spatial distribution due
to the large area of the estuary (900 km?), which prevents
the use of classical water sampling techniques due to time
and cost constraints.

Remote sensing techniques, however, can be used
to detect optical properties of cyanobacteria population
(Brando and Dekker, 2003; Kutser et al., 2001; Han and
Rundquist, 1997) contributing to improve spatial and
temporal information on bloom distribution. The launch
of the Hyperion Imaging Spectrometer, the first high spatial
resolution imaging spectrometer to successfully orbit the
Earth, increased the potential of not only detecting algae
blooms, but also, distinguishing cyanobacteria out of them
(Brando and Dekker, 2003).

The use of remote sensing images to study the distribu-
tion of algae blooms is based on the fact that algae pigments
affect the color of the water body (Folkestad et al., 2007).
Algae photo-synthesizer pigments are optically active
components (OAC) and absorb electromagnetic radiation
in specific wavebands (Kirk, 1994). However, there are
other optically active components such as dissolved organic
matter (DOM) and suspended inorganic particles (SIP),
which also can interact with the incoming radiation and,
sometimes, decrease the accuracy of the optical determina-
tion of the algae dominant pigment (Mobley, 1994). That
has prevented the operational use of multi-spectral sensors
for inland and coastal water monitoring in the past (Galvao
et al., 2003).

Cyanobacteria is characterized by accessory pigments
(phycobiliproteins) which favors the absorption of elec-
tromagnetic radiation in wavelengths other than that of
chlorophyll-a taking advantage of a wider range of the
available photosynthetic radiation (Kirk, 1994; Wynne
et al., 2008).

The three main pigment groups controlling cyanobac-
teria optical properties are: chlorophyll-z, with absorption
bands in 440 and 675 nm; carotene, with absorption at
ultra-violet and blue region; and phycobiliproteins, which
are exclusive of cyanobacteria, with absorption band at
620 nm and fluorescence band at 650 nm (Johnsen et al.,
1994).

It is also typical a maximum of phytoplankton scattering
in green wavelengths produced by difference in refractive
index of water and cell walls (Gitelson, 1992). This maxi-
mum, however, can shift towards longer wavelengths with
the increasing chlorophyll-z concentration and cell density
(Londe, 2008).

The phycobiliprotein absorption band (620 nm), phy-
cocyanin in freshwater systems, is therefore a marker for
cyanobacteria presence in eutrophic inland water (Kutser,
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2004). Hyperspectral sensors circumvent the limitations
of multispectral remote sensing application to operational
eutrophication (Han, 2005), because they provide for
narrow bands (<10 nm) which can pick up more specific
absorption bands.

There are two approaches currently in use for deriving
the concentration of OAC from hyperspectral images. The
first is based on semi-analytical models through which the
inherent optical properties (IOP) are derived, that is to say
their scattering and absorption coefficients. Those coef-
ficients are input to models, which uncouple the pigment
concentration (Chl-a), suspended inorganic particle con-
centration (SIP) and dissolved organic matter concentration
(DOM). Those approaches are fully described Giardino
et al. (2007) and Mestamaa (2005).

The second approach to derive OAC concentration
is based on empirical models. These models relate water
surface reflectance (R%) at several spectral bands to in
situ measurements of OAC concentration. They are well
described in Lee et al. (1995), Simis etal. (2005) and Yang
and Pan (20006).

This paper proposes an alternative approach for using
remote sensing data for identification and mapping of cy-
anobacterial blooms in Patos Lagoon estuary. The method
is based upon two sets of reference spectra (theoretical and
empirical) to emphasize their similarity disregarding the
way they were produced. The classifier compares the spectra
of each Hyperion image pixel acquired over Patos Lagoon
to the reference spectra representing different water types
regarding pigment concentration, allowing for the identi-
fication of potential areas of cyanobacterial blooms.

2. Material and Methods

2.1. Study area

Patos Lagoon is the largest lagoonal complex in
South America and connects to the South Atlantic via a
20 km entrance channel 0.5-3 km in width (Figure 1).
Physicochemical dynamics of Patos Lagoon estuary are
determined by topographical and meteorological condi-
tions, with the tidal range within the estuary limited to low
diurnal amplitude (mean = 0.47 m). The main nutrient load
in the estuary derives from land runoff of the drainage basin,
domestic and industrial sewage from adjacent cities (Rio
Grande and Pelotas, approximately 500,000 inhabitants)
and the introduction of agricultural fertilizers.

2.2. Cyanobacteria spectral features and mapping strategy

The first step of this research consisted of reviewing
in the literature existing spectra of algal blooms acquired
under different approaches and environmental conditions
and to seck for common features related to the presence
of cyanobacteria disregarding the acquisition setting in
laboratory under controlled conditions or in situ. Figure 2
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Figure 1. Patos Lagoon estuary in Rio Grande do Sul State. In the figure it is highlighted the location of the Rio Grande city ,the

sampling sites of Aratjo (2005) and Hyperion image.

Reflectance (%)

-0~ 99 pug/L [Chl-a] — Randolph (2007)
—— 64 ug/L - Kutser (2004)

—— 58 ug/L — Gitelson et al. (1999)
—— 58 ug/L — Ruiz-Verdu et al. (2008)
—e— 50 ng/L - Londe (2008)

— Vincent et al. (2004)

Figure 2. Spectral curves obtained at different regions and with
several methods presented common cyanobacteria features:
a) Chl-zabsorption at 440 and 675 nm; b) phycocyanin absorption
at 620 nm and fluorescence at 650 nm; c) scattering in the green
region; d) near-infrared scattering by phytoplankton cells.
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summarizes the general spectral features characterizing
cyanobacteria at several Chl-a concentrations based on
literature results (Gitelson et al., 1999; Kutser, 2004;
Vincent et al., 2004; Randolph et al., 2007; Londe, 2008;
Ruiz-Verdd et al., 2008).

The main features common to all spectra, disregarding
the chlorophyll concentration are the absorption band at
620 nm and the fluorescence band at 650 nm, which be-
come more outstanding as Chl-z concentration increases.
Other features common to other algae genera are the ab-
sorption band in the blue, the maximum scattering in the
green and in the near infrared (NIR).

In the second phase of this study is presented the strategy
used for identifying and mapping the potential areas of
cyanobacteria based on Hyperion images (Figure 3).

2.3. Hyperion/EO-1 image classification

The sensor Hyperion, on board of the satellite Earth
Observing One (EO-1), provides 7.5 by 100 km scenes
with 220 spectral bands fit in the spectral range between
400 and 2500 nm and 30 x 30 m spatial resolution. The
Hyperion scene used in this study was acquired in May/07,
2003 (Figure 1) which was atmospherically corrected using
a radiative transfer model implemented in the FLAASH
algorithm available in the software ENVI 4.4.



302

Lobo, FL. et al.

Hyperion Band Ratio
Image
Water Phycocianin Chlorophyll — a
masking (650/620 nm) (700/680 nm)
Atmosferic E
correction — Flaash
4 -
'.(\ o
| -~
S £
A r
L L~ . 4-{“"‘/
L] N 'I, P
1 4 |. } 6
£ e
Intersection
Theoretical Empirical
Classification | Classification
Cyanobacteria potencial
area occurrence
Spectral Masking
: -~ angle e
= =5 mapper
\/ Theoretical Empirical !
Spectral Library Spectral Library %
Confusion r my : =4
matrix . of =7 _ A
' - | -
: A} bt p\-'v R‘ ."
e 1 | DR \

Figure 3. Steps followed to identify and map cyanobacteria bloom using Hyperion images.

The next step was to build a water mask using the near-
infrared bands (850-900 nm) in which there are the largest
contrast between water reflectance and typical land cover
(Rudorff, 2007). This procedure reduces the computation
time and increases classification accuracy by removing land
targets with similar spectral signatures.

The masked scene was used to build the ratio images
using as input the PC fluorescence and absorption bands
(650/620 nm) and the Chl-2 (700/680 nm) scattering and
absorption bands. The resulting images allowed identifying
the potential areas of cyanobacterial blooms. A classifica-
tion threshold was empirically defined by analyzing several
spectra of those blooms.

The algorithm Spectral Angle Mapper (SAM) was
applied to identify the potential areas of cyanobacterial
blooms. SAM determines the spectral similarity between
two spectra by computing the angle between them, since
it assumes that each spectrum can be described as a vector
in n-dimensional space where n is the number of spectral
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bands. An import feature in the SAM method is that it uses
only the vector direction and not its length to calculate the
spectral angle between an input and a reference spectrum.
That means that the method is not sensitive to spectra in-
tensity changes. The spectral intensity may change due to
both changes in IOP concentration or because of residual
atmospheric effects. Assuming that the IOP remains con-
stant for a given pixel, atmospheric and other environmental
effects can be neglected. However, as generally common to
all supervised algorithms, SAM accuracy is highly sensi-
tive to the choice of reference spectra (Barbosa, 2005).
Therefore, the most critical step was to define and validate
sets of reference spectra for quantifying Chl-z concentra-
tion, since in the majority of available spectra that is the
only measured pigment.

2.4. Empirical and theoretical reference spectra

The first set of reference spectra was based on 36 samples
acquired at Ibitinga Reservoir, Sao Paulo State (Londe,
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2008). Downwelling radiance and upwelling total radiance
measurements were collected at each of the sampling sites
using an ASD FieldSpec UV-VNIR (Analytical Devices,
Inc., Boulder, CO) spectroradiometer. Radiometry was
carried out simultaneously to ground sample acquisition
for Chl-z and algae species assessment. Londe (2008) re-
ported the dominance of Microcystis and Anabaena blooms,
at Chl-z concentrations varying from 5 to 1,000 pg.L7,
and low concentration of SIP. Those spectra were clustered
into 5 classes of Chl-2 concentration and the average Chl-#
concentration of each class was computed. Next, the SAM
algorithm was used to classify all the spectra into five classes
using the average spectra as reference. That was a way of
validating the empirical set of spectra and determining how
far the average spectra could be representative of individual
samples.

Another set of reference spectra was obtained in
literature. Kutser (2004) implemented the set using a
semi-analytical model. The author used Inherent Optical
Properties measured previously in the Baltic Ocean to
build 10 spectra with Chl-a concentration varying 2 to
1,024 pg. L™ as reference to map cyanobacteria blooms
with Hyperion images. The model kept SIP and dissolved
organic matter (DOM) concentration low and constant
varying only the Chl-z concentration.

2.5. Reference spectra normalization

Because the number of classes and the of Chl-z con-
centration interval varied in both theoretical and empirical
spectra sets five classes of Chl-z concentration were defined
to normalize them. The normalization was needed to allow
the comparison between the classification results provided
by each of the reference sets. The number of classes, five,
was selected to cover the entire range of chlorophyll concen-
tration reported in cyanobacterial blooms in the literature
(Figure 4). Class A has chlorophyll-a concentration smaller
than 32 pg.L™, Class B has Chl-z in the range between
33 and 70 pg.L™; class C in the range between 80 and
200 pg.L™; Class D, between 250 e 600 pg.L'; and Class
E Chl-a larger than 700 pg.L™".

2.6. Classification and confusion matrix analyses

Once the five classes were defined they were used as
empirical and theoretical libraries to run the SAM algo-
rithm in the spectral range between 450 and 750 nm. The
wavebands smaller than 450 nm e larger than 750 nm were
discarded because of the reported low Signal-to-Noise Ratio
(SNR) of this Hyperion sensor bands. The maximum clas-
sification threshold was set 0.5 rad (Kutser, 2004), a relaxed
threshold when compared to the 0.1 rad in Lobo (2009).
This threshold was selected to guarantee the classification
of all the pixels in one of the defined classes.

3. Results

The images derived from the ratios of phycocyanin and
chlorophyll discriminating bands are presented in Figure 5.
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Figure 4. a) Sets of reference spectra, empirical and b) theoretical,
used to classify potential cyanobaterial bloom using Hyperion
images. The increased reflectance in NIR as a function of Chl-2
concentration is highlighted in both sets.

Figure 5a is the phycocyanin ratio (R, ) between 650 nm
(phycocianin fluorescence maximum) and 620 nm (phy-
cocyanin absorption band), which enhances cyanobacterial
blooms. Figure 5b is the chlorophyll ratio (R, #) between
700 nm (algae cell scattering) and 680 nm (Chl-z absorp-
tion band), which enhances the presence of chlorophyll
distribution. The R, . image includes an area larger than that
of the R, »105€e35 km? respectively. Figure 5c represents
the intersection of the previous distribution.

In Figure 5a, the highlighted spot show that the R,.
threshold of 1 includes areas of high SIP concentration
(Figure 5d) responsible for a steady increase in the spectral
reflectance from the red towards the near infrared (Brando
and Dekker, 2003) and responds for an overestimation of
cyanobacterial blooms. Figure 5b shows that in the R , «
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image the error related to SIP is removed (see Figure 5d),
and only the areas covered by algae are classified. The image
resulting from the intersection of image 5a and b displays
areas with high potential of cyanobacterial blooms and were
used as input for classification of their abundance.

As shown in Figure 6a and 6b, Hyperion image clas-
sification using both reference spectra sets produce results
with 88% of similarity between them. The differences in
classification can be observed in Table 1. The empirical
reference spectra (ERS) attributed a larger number of pixels
to classes A, D and E than the theoretical reference spectra
(TRS). Class C presented the largest agreement (97%) in
the classification results for both reference sets, followed
by class B (82%), class D (86%), class A (46%) and class
E (18%).

The spectra extracted from the Hyperion images for
each class (Figure 7) are similar to both TRS and ERS
sets (Figure 4) and, also, the maximum scattering shifted
towards the longer wavebands reaching the same position
as both sets of reference spectra (Table 2). The green reflec-
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tance maximum, however, was kept constant at 589 nm,
whereas the reference spectra maximum moved around
560 nm.

Figure 8 shows the ratio of Hyperion spectra, randomly
collected, and the ERS and TRS sets normalized at 447 nm.
It is clear that the Hyperion reflectance is higher than those
of the reference sets, mainly in the spectral region sensitive
to high SIP concentration. This difference is even larger in
Class A due to the low chlorophyll-z concentration that
can be easily masked by SIP scattering. In the classes with
larger phytoplankton biomass, the pigment spectral features
are more prominent (Classes D and E) and the difference
between the class spectra and the reference spectra is smaller.
Figure 8 also highlights that the empirical curves are more
variable than the theoretical, because the concentration of
other OAC was low but not constant (Londe, 2008).

4, Discussion

The difference between the potential areas of cyanobac-
terial blooms identified by the ratios R,.and R, is caused
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by the presence of high concentration of SIP that increases
the red and NIR reflectance (Han and Rundquist, 1997).
The ratio of band 650 and 620 nm is larger than 1 in those
areas making it difficult to distinguish them from that of
cyanobacteria (Figure 5d). On the other hand, the Chl-#
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Figure 6. Cyanobacterial bloom abundance classes expressed
by the chlorophyll-z concentration based on reference spectra
empirical (a) and theoretical (b) with 88% of similarity between
them.

ratio allowed mapping different algae groups and even
submerged macrophytes common in this region. According
to Marangoni and Costa (20006) there were around 70 km?
of macrophytes marshes in that area mixed with cyanobac-
terial blooms. Those marshes favor the development of
cyanobacteria by reducing water velocity and increasing
sedimentation that in turn increases the euphotic zone
depth and nutrient storage. Moreover in the 2002/2003
summer southern Brazil was influenced by El Nifio (Colling
and Bemvenuti, 2007) characterized by high precipitation,
which decreases water salinity and again favours the increase
cyanobacteria outbreak in the region (Yunes et al., 1996).
Those environmental features are recurrent in the Arraial
and Mangueira bays with shallow waters (average depth
of 70 cm), low turbulence, low salinity and high input of
nutrients from Rio Grande City sewage.

During the entire year of 2004, Aratjo (2005)
monitored phytoplankton abundance in the region and
confirmed the existence of Aphanothece and Microcystis in
all 5 sampling sites shown in Figure 1. Both Aphanothece
and Microcystis are buoyant and occur concentrated at
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Figure 7. Spectra randomly extracted from the Hyperion images
for each class.

Table 1. Confusion matrix (in pixel) of classification results using empirical (columns) and theoretical (lines) reference spectra as

input to SAM classifier.

pixel Empirical Reference Spectra Total

A B C D E
Theoretical A 1280 16 0 0 0 1296
reference spectra B 1530 8592 450 0 0 10572
C 0 19 9658 683 0 10460
D 0 0 85 2334 175 2594
E 0 0 0 0 39 39
Total 2810 8727 10193 3017 214 24961
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Table 2. Reflectance maxima in the green (500 to 599 nm) and
NIR (695 to 750 nm) for each class: empirical, theoretical and
Hyperion image spectra.

Class Empirical Theoretical Hyperion image
green NIR green NIR green NIR
A 563 695 700 700
B 560 701 700 700
C 554 710 560 710 589 710
D 554 720 720 720
E 554 728 720
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Figure 8. Ratio of the Hyperion Spectra and ERS (a) and TRS
(b).

the water surface what makes it easier their identifica-
tion by remote sensors. Chlorophyll concentration in the
Aphanothece group varied from 100 to 3800 pg.L™" in the
Mangueira bay between May and November. In the Rio
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Grande inlet Aratjo (2005) identified Microcystis botrhis
blooms at concentrations up to 4,000 pg.L! Chl-a. The
main natural forcing functions controlling the persistence
and fading of algae and cyanobacteria in the Patos Lagoon
estuary are related to high nutrient level and low salinity
(Spengler et al., 2007) as well as northeast winds which dur-
ing autumn steadily pulls phytoplankton population into
the bays (Yunes et al., 1998; Becker et al., 2004; Aradjo,
2005). Therefore, in spite of the lack of ground truth data
concurrently to Hyperion image acquisition, the data avail-
able for the region support the results obtained with the
Hyperion image of the Patos Lagoon.

The analyses of Hyperion spectra allowed identifying
the absorption features of phycocyanin and chlorophyll-2
pigment similar to the reference spectra sets. The three sets
of spectra — empirical, theoretical and Hyperion - present
the green and NIR maxima similar for Chl-2 concentration
between 100 and 150 pg.L™ (class C). Hyperion spectra,
however, have a much higher reflectance beyond 550 nm
due to the SIP effect moving the maximum of green
reflectance towards higher wavelength as the particle con-
centration increases. In the Hyperion images the maximum
of the green is reached at 589 nm, a 35 nm difference in
relation to the maxima observed in the reference spectra.
The difference between Hyperion spectra and both sets of
reference spectra can be explained by several acquisition
factors. First, Hyperion sensor integrates the energy over
an area of 30 x 30 m, including a large variability in the
upwelling radiation due to environmental effects such as
wind, bottom depth and composition, and water volume
multiple scattering over a larger area (Mobley, 1994). Than,
lagoon is shallow (average of 70 cm) with uneven bottom
covered mainly by fine sand (highly reflexive) and apt to
add a significant signal to the upwelling radiation (Calliari
etal., 2008). In spite of those differences, they present the
diagnosis features, which enabled the use of hyperspectral
images to map potential areas of cyanobacterial blooms.

The method proposed in this research allowed to map
an area of 22.5 km? prone to cyanobacterial blooms in the
Patos Lagoon estuary applying a Hyperion image acquired
in May 7, 2003. The mapped areas are the Mangueira
and Arraial bays which have the ideal features to support
the development of cyanobacteria such as: high nutrient
concentration (domestic and industrial from Rio Grande
Municipality), low salinity, shallow water, low turbulence,
northeast wind that traps the water within the bay.

The five classes of Chl-a concentration from 10 to
1,000 pg.L™" of cyanobacterial blooms presented similar
classification results disregarding the reference spectra sets
used as input to the SAM algorithm. Those sets, therefore,
proved to be representative of the proposed classes and can
be used in areas different than those of the image. They
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can be used as reference to classify other Hyperion images
acquired in the Patos Lagoon in the near future.

The results also indicate that the intersection between
the R, . and R

PC Chl-a
concentrations of SIP (Figure 5) but the effect of smaller
SIP concentrations remains mixed to that of other optical

active components.

removed the areas affected by high
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