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Abstract

Satellite images are an effective tool for the detection of phytoplankton blooms, since they cause striking changes in
water color. Bloom intensity can be expressed in terms of chlorophyll-a concentration. Previous studies suggest the
use of Landsat TM4/TM3 reflectance ratio to retrieve surface chlorophyll-a concentration from aquatic systems. In this
study we assumed that a remote sensing trophic state index can be applied to investigate how changes in HRT along
the hydrologic year affect the spatial distribution of the phytoplankton blooms at Ibitinga’s reservoir surface. For that,
we formulated two objectives: (1) apply a semi-empirical model which uses this reflectance ratio to map chlorophyll-a
concentration at Ibitinga reservoir along the 2005 hydrologic year and (2) assess how changes in hydraulic residence
time (HRT) affect the spatial distribution of phytoplankton blooms at Ibitinga Reservoir. The study site was chosen
because previous studies reported seasonal changes in the reservoir limnology which might be related to the reservoir
seasonality and hydrodynamics. Six Landsat/TM images were acquired over Ibitinga reservoir during 2005 and water
flow measurements provided by the Brazilian Electric System National Operator - ONS were used to compute the
reservoir’s residence time, which varied from 5.37 to 52.39 days during 2005. The HRT in the date of image acquisition
was then compared to the distribution of chlorophyll-a in the reservoir. The results showed that the HRT increasing
implies the increasing of the reservoir surface occupied by phytoplankton blooms.

Keywords: Landsat TM4/TM3 band ratios, chlorophyll-a, phytoplankton bloom, hydraulic residence time.

Efeito de variacdes no tempo de residéncia hidraulica sobre a ocorréncia de
floracoes de fitoplancton: estudo de caso no Reservatoério de Ibitinga (SP)
com o uso de imagens Landsat/TM

Resumo

As imagens de satélite sdo frequentemente usadas para a identificagdo de floragdes de fitoplancton porque sua presenga
causa mudangas significativas na cor da agua. A abundéncia das floragdes pode ser quantificada por medidas de
concentracdo de clorofila-a. Diversos estudos sugerem o uso da razdo de reflectancia das bandas TM4/TM3 Landsat,
para determinar as concentragdes de clorofila-a em sistemas aquaticos. Este trabalho tem como objetivos: (1) aplicar
um modelo semi-empirico que usa essa razao para mapear a concentragdo de clorofila-a no reservatoério de Ibitinga
ao longo do ano hidrolégico de 2005; (2) avaliar como as mudangas no tempo de residéncia hidraulica afetaram a
distribuicao de floragdes na superficie do reservatorio. O reservatorio de Ibitinga foi selecionado porque estudos prévios
indicavam mudangas sazonais nas propriedades limnologicas do reservatdrio, as quais poderiam estar relacionadas a
sazonalidade e a hidrodinamica. Seis imagens TM/Landsat foram adquiridas sobre o reservatorio de Ibitinga durante
o0 ano de 2005. Foi entdo usada uma tabela associando intervalos de razdo de banda a intervalos de concentragdo de
clorofila-a. Medidas de vazdo fornecidas pelo Operador Nacional do Sistema Elétrico — ONS foram utilizadas para
calcular o tempo de residéncia hidraulica do reservatdrio, que variou entre 5,37 ¢ 52,39 dias durante 2005. O tempo de
residéncia hidraulica em cada data de aquisi¢ao da imagem foi entdo comparado com a area ocupada pelas floragdes
de fitoplancton. Os resultados indicaram uma forte relag@o entre o tempo de residéncia hidraulica e a area ocupada por
floragdes. Em junho de 2005, quando o reservatorio atingiu seu menor tempo de residéncia hidraulica, apenas 20%
de sua area estiveram ocupadas por floragdes. Em setembro e outubro, quando a residéncia hidraulica atinge o seu
maximo, mais que 80% da superficie do reservatorio foram ocupadas por flora¢des de fitoplancton.

Palavras-chave: razdes entre bandas TM4/TM3, clorofila-a, floragdes de fitoplancton, residéncia hidraulica.
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1. Introduction

The assessment of water quality has become critical
in Sao Paulo State as water demand has intensified in the
last decades (Tundisi, 2003; Tundisi et al., 1991, 2008;
Sao Paulo, 2011). Government information on water quality
of Sdo Paulo State, provided by CETESB (Sao Paulo State
Environmental Company), reports that from 2007 to 2009:
i) water availability per capita decreased in the entire
state due to population growth; ii) there was an unbalance
between surface water availability and consumption in most
of the drainage basins ; iii) the Tieté River Basin displayed
a 16% increase in water demand for urban uses; iv) the
amount of collected and treated domestic sewage remained
below 50%; v) the raw water quality for public supply
underwent severe degradation with 78% of the samples
assigned to quality classes ranging from Regular to Very
Bad.; vi) degradation of ecological aspects of water with
70% of the samples assigned to classes ranging from Bad
to Very Bad; vii) deterioration in the trophic state with 50%
of the samples assigned to classes ranging from eutrophic
to hypereutrophic in 2009 (Sao Paulo, 2011).

In hydroelectric reservoirs the residence time is
manipulated to balance the need of water storage during
the dry season and water renewal for maintaining quality
requirements. Hydraulic residence time (HRT) is the
theoretical amount of time required for a given flow to
pass through an aquatic system. According to Straskraba
(1999) the HRT is a determinant factor in stratification
processes and nutrient availability, affecting phytoplankton
development. Therefore, it might explain the time and
space changes in the chlorophyll concentration at reservoir
surface (Straskraba, 1999).

The energy demand is an indirect factor affecting water
quality, considering that the energy production process
controls at certain extent the reservoir’s HTR. To overcome
phytoplankton blooms during periods of high HRT, the
outflow rate can be manipulated by periodic and quick
alternation between flow regimes (hydropeaking). Decreases
in HRT are usually related to phytoplankton biomass
losses through hydraulic washing and mechanical shock,
whereas increases promote phytoplankton development
as a consequence of nutrients concentration and water
column stability.

The impact of HRT manipulation, however, may not
be constant on the entire reservoir. In general, the regions
near the dam are more affected by those actions whereas
reservoir inlets far from the turbines may remain protected
from mechanical shock and hydraulic washing.

According to Bennion et al. (2005), aquatic ecosystems
with high hydraulic retention time (larger than 30 days)
are very sensitive to enrichment, which means, more prone
to eutrophication. Shallow and completely mixed systems
have very low potential of recovery.

As pointed out by Smith (2007), since the 1950’s research
results reveal strong links between nutrient availability
and phytoplankton production, based on the relationship
between the concentrations of phosphorus and phytoplankton
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biomass - measured as chlorophyll a (Chla). Those links
were first demonstrated in seawater samples representing
a broad eutrophication gradient from oligotrophic coastal
and open ocean sites to polluted estuaries.

Several authors, therefore, define eutrophication as
the enrichment of water by nutrients (nitrogen and/or
phosphorus) and organic matter, which causes incontrollable
growth of algae and higher forms of plant life (macrophytes)
producing an undesirable deviation in structure, function
and stability of the aquatic ecosystem and as a consequence
a deep degradation in water quality, when compared to
reference conditions (Vollenweider, 1968; Carlson, 1974;
CETESB, 1974, 2001, 2012; Dillon, 1974, 1975; Dillon
and Kirchner, 1975; EPA, 1978; OECD, 1982; Toledo
Junior, 1990; Andersen et al., 2006; Smith, 2007). Smith
(2007) emphasizes the fact that eutrophication causes
shifts in phytoplankton species composition, which also
impact the function of the aquatic ecosystem and lead to
water quality degradation.

Chlorophyll-a concentration, is one of the key variables
used to assess aquatic system trophic state. In Brazil, Carlson
Trophic State Index (TSI) has been used since the 1970°s
by the Sao Paulo State environmental monitoring agency
(CETESB) to assess the water quality status.

CETESB’s trophic status assessment is based on the
collection of water samples in selected sites in different
seasons. It provides a broad assessment of water status
at regional level, but the time and space scales are not
appropriate for assessing the impact of HRT on water
quality. In this respect, satellite remote sensing techniques
can support in situ sampling, as they provide a synoptic
view of the aquatic system.

Research in remote sensing applications to aquatic
environment proved that the spectrum of remotely sensed
reflectance (carried out by in situ, airborne and satellite
borne instruments) of productive inland waters is affected
in both blue and red regions by absorption of light by
photosynthetic pigments in the phytoplankton (Kirk,
2011). It is also affected by dissolved organic matter
in the blue range and by inorganic suspended sediment
throughout the 400 to 900 range as the concentration
increases. Therefore, Chl-a concentration can be estimated
from remotely sensed spectral reflectance data by relating
optical changes observed in the reflected light at specific
wavelengths to the concentration of chl-a, using both
analytical and empirical/ semi-empirical models.

During the 1990’s and the first decade of the 21* century
there has been a great deal of theoretical scientific
progress regarding the relationship between water spectral
reflectance, water inherent optical properties and water
composition using in situ radiometric and limnological
data (Gitelson et al., 1993, 1994). Some of these findings
support the idea that, for inland waters with high levels
of inorganic particles (Case 2 water) the magnitude of the
scattering peak at 700 nm is highly sensitive to chlorophyll-a
concentration (Kirk, 2011). According to Gitelson et al.
(1994) it happens due to the relationships between algal
pigment absorption near 670 nm and phytoplankton cell
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scattering signal in the near infrared. The authors reported
the use of the developed algorithms in aquatic systems
with different seasonality and productivity patterns, but
they also recognized that the model coefficients seemed
to be site specific.

Several studies (Ruddick et al., 2001; Dall’Olmo and
Gitelson, 2005; Londe et al., 2011) have already demonstrated
that red and near infrared (NIR) spectral regions are the
most useful for the retrieval of Chlorophyll-a concentration
because they are less affected by other optically active
components such as Colored Dissolved Organic Matter
(CDOM) and Suspended Inorganic Particles. The band ratio
TM4/TM3, which includes the Chlorophyll absorption peak
in 670 nm and a spectral reflectance peak (fluorescence and
phytoplankton cell backscattering) in 700 nm, provided the
best performance for mapping chlorophyll-a in eutrophic
aquatic systems (Moses et al., 2012; Duan et al., 2007,
Zimba and Gitelson, 2006).

Novo etal. (2013) used in situ Bidirectional Reflectance
Factor (BRF) data acquired at Ibitinga reservoir to simulate
Landsat/TM spectral bands (TM_sim bands). Applying
Monte Carlo simulation, they selected the most suitable
model relating chlorophyll-a concentration and the
simulated bands. TM4/TM3_sim provided the best model,
which was then inverted to create look-up-table (LUT)
relating ratio intervals to chlorophyll-a concentration.
The authors assumed that this LUT could be applied to
any Landsat TM/TM4 ratio provided that the images
were previously atmospheric corrected and converted to
surface reflectance. They applied the LUT to a Landsat
TM image acquired over Ibitinga reservoir and, according
to them; the model can be used as a quick assessment to
infer water trophic state because it is based on the physical
interaction between the light field and the phytoplankton
optical properties (Kirk, 2011).

In this study we assumed that the remote sensing trophic
state index proposed by Novo et al. (2013) can be applied
to investigate how changes in HRT along the hydrologic
year affect the spatial distribution of the phytoplankton
blooms at Ibitinga’s reservoir surface. For that, we
formulated two objectives: first to apply the Novo et al.
(2013) model to map chlorophyll-a concentration in the
Ibitinga reservoir along the 2005 hydrologic year; second
to assess how changes in HRT affect the spatial distribution
of phytoplankton blooms.

2. Methods
2.1. Study site

Ibitinga’s Reservoir, in the central region of Sdo Paulo
state (Brazil) is part of a cascade system along the Tieté
River (Luzia, 2009). The surrounding area is characterized
by pasture, reforestation and sugarcane cultivations
(Guimaraes Junior et al., 1998; Rudorffand Novo, 2007).
The reservoir is 70 Km long in Tieté River, 25 Km long
in Jacaré-Guagu River and 25 Km long in Jacaré-Pepira
River (Figure 1). The main reservoir characteristics are
presented in Table 1.
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Table 1. Information about Ibitinga Reservoir.

Construction date 1969
Flooded area 114 Km?
Water residence time (annual average) 21.6 days

Average depth 9m
Useful volume 5.6 x 10’'m?
525m’ !

Source of information: Guimaraes Jinior et al. (1998).

Average flow rate

Ibitinga reservoir was chosen as study site because
the LUT was developed using chlorophyll-a and remote
sensing reflectance in sifu data acquired in 2005 (Londe,
2008), implying that the empirical model was tuned to its
environmental conditions. Moreover, previous studies in
the reservoir reported that both limnological properties
varied seasonally.

2.2. Chlorophyll-a estimation from remote sensing

A total of 06 TM/Landsat images were acquired
from the Brazilian National Institute for Space Research.
The selected images (February 13™; March 1%; May 4;
June 5%; September 9"; October 11") consisted of all
cloud-free scenes available for 2005. Each image was
radiometrically calibrated to sensor radiance (L_ ), using
the coefficients provided by Chander et al. (2009), and
ancillary data (solar elevation angle and acquisition date).
Subsequently, atmospheric correction was performed
using the “Fast Line-of-sight Atmospheric Analysis of
Spectral Hypercubes” algorithm (FLAASH) which runs the
MODTRAN (Moderate Spectral Resolution Atmospheric
Transmitance Algorithm and computer model). MODTRAN
uses image acquisition parameters as input data and requires
some information to define the atmospheric model such
as type of atmosphere particulates and visibility. Average
scene elevation was obtained from reprocessed SRTM
global digital elevation models (Valeriano, 2008).

Given the limited availability of atmospheric data for
model parameterization and sensor details, some tests were
conducted to define, among the modeled input datasets,
those appropriate for the study site. After several test runs,
the Mid Latitude Summer (MLS) model was selected for
estimating temperature and water vapor concentration,
a Rural model for aerosol. Atmosphere visibility was
estimated using dark pixels automatic identification in
the scene (Kaufman et al., 1997).

After both radiometric and atmospheric calibration,
Ibitinga’s images corresponded to surface reflectance.
The images were then geometrically corrected using an
ortorectified image from GeoCover catalogue (Tucker et al.,
2004), with positional accuracy of 50m. For image registering
at least 25 control points were selected, with a mean square
error (MSE) lower than 0.5 (15 m).

A single-band density slicing was used to create a
water mask to delineate the reservoir surface. Density
slicing of TM band 5 gave the best visual approximation
of the land/water boundary, avoiding the detection of
phytoplankton blooms depicted in the near-infrared
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band. The mask was then overlaid upon the TM time  differences in the land/water boundary related to water
series and submitted to manual/visual editing to remove  level fluctuations). The mask was then applied to bands
any inconsistencies (cloud cover, cloud shadow, small ~ TM 3 and TM-4 of the Landsat-5 time series.

Figure 1. Study site, showing sampling sites in red points.
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There are alternating light and dark lines (stripes)
in Landsat-5 TM images caused by changes in the
input-output response of the detectors (Bernstein et al.,
1984). This effect is enhanced in uniform dark targets.
Normally those stripes can be removed with destriping
algorithms. However, TM3 and TM4 bands may present
very low signal in scenes with clear water bodies. In this
situation, the stripes are enhanced and are not easily
removed with conventional destriping algorithms (Algazi
and Ford, 1981; Schowengerdt, 2006). After testing several
combinations of filtering algorithms and window sizes we
used in some scenes a low-pass filter and a median filter
(Arakawa, 1996) with dimensions varying from 3x3 and
5x5 pixel windows till noise was removed without blurring
the reservoir borders.

After filtering, the band ratio TM4/TM3 for each date
was computed and the LUT from Table 2 was applied.
Due to the lack of ground data to assess the suitability
of the LUT, we assume that the resulting phytoplankton
bloom distribution can be accepted as an approximation.

2.3. Hydraulic residence time (HRT)

Outflow data provided by the Brazilian Electric
System National Operator (ONS) were used to analyze
time changes in Ibitinga Reservoir during 2005. The HRT
was computed assuming that the reservoir volume (V)
was constant throughout the year. Instead of computing
the average HRT for a given period, we computed the
daily HRT by dividing V by the outflow (Q) in the date
of the satellite overpass. We also computed the average
hydraulic residence for the period of 15 days prior to
satellite overpass.

3. Results and Discussion

In spite of the fact that the LUT was developed for data
acquired in October/2005, the results show that it captured
the variability of the Ibitinga reservoir chlorophyll-a
distribution in time and space. In February, most of the
reservoir surface has chlorophyll-o concentrations smaller
than 11.03 pg.L™". In the following two months (March
and May) the chlorophyll-o concentration increased and
the middle and lower reaches of the reservoir became
dominated by values above 30 pug.L!, but the upper region
and the Jacaré-Pepira and Jacaré-Guagu Rivers showed
concentrations up to 11 pg.L™". In June, the main body of the
reservoir, from up to downstream returns to chlorophyll-o
concentration bellow 1.11 pg.L!. Jacaré Pepira and Jacaré
Guagu inlets, however, keep the concentration levels
observed in May. . In September and October, the reservoir
displays very high chlorophyll-a concentration, whose
values are far above pg.L!, except for the Jacaré-Pepira
and Jacaré-Guacu inlets (Figure 2).

In spite of uncertainties concerning the method used
to map the chlorophyll-a concentration and the lack of
ground information for their validation, except for October,
chlorophyll-a concentration in the reservoir surface water
seems to respond to HRT changes.
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The hydraulic retention time during 2005 varied between
aminimum of five days and a maximum of 52 days, with a
modal hydraulic retention of 30 days. Actually during 52%
of days in that year, the hydraulic retention time remained
above 30 days, which is classified as high retention time.

Table 3 shows the HRT computed for a 15 day period
previous to image acquisition (15-day average) and the daily
HRT in the day of Landsat image acquisition. Except for
June, both indices of HRT show an increase from February
to October. This increase is related to the Ibitinga basin
climate, characterized by a rainy season from November to
March and a dry season from April to October (Figure 3).

From January to March, when the reservoir is full
because of high precipitation rates, the excess of water
coming from the watershed needs to be spilled downstream,
ensuring high outflow, and smaller HRT. As in May the
precipitation decreases to almost one fourth of the rainy
season, the outflow decreases at the same rate, but keeping
spikes which respond either to instantaneous inflows caused
by precipitation or to energy and water quality control
demands (Tundisi et al., 2007; Tundisi, 2007).

To assess the impact of HRT changes on the spatial
distribution of phytoplankton blooms the following
assumptions were accepted: 1) Given the very high baseline
concentrations of chlorophyll -a at Ibitinga reservoir, a threshold
of chlorophyll-a concentration above 69.05 pg/L was set
to compute phytoplankton bloom area.; 2) this threshold is
conservative and prevents from false bloom identification

Table 2. Intervals for Chlorophyll-a concentration and
values of TM4/TM3 ratio based on Novo et al. (2013).

Chlorophyll - a (CL)
(ng.L"

CL<1.17
1.17<CL<3.24

3.24<CL<11.03

11.03 <CL<30.55

30.55 <CL<69.05
69.05<CL <125
125<CL <165
165<CL <199

TM4/TM3 Ratio

TM4/TM3 < 0.0614
0.0614< TM4/TM3 <0.1119
0.1119< TM4/TM3 < 0.2300
0.2300< TM4/TM3 < 0.4223
0.4223< TM4/TM3 <0.6845
0.6845< TM4/TM3<0.9741

0.9741 <TM4/TM3<1.1492
1.1492< TM4/TM3<1.2849

1.2849< TM4/TM3<2.2126 199< CL=< 500
2.2126< TM4/TM3<3.33450 500< CL< 1000
3.33450<TM4/TM3 1000 <CL

Table 3. Time changes in hydraulic residence according to
Landsat/TM image acquisition dates.

Landsat/TM Hydraulic residence

image dates 15-day average Daily
February 15, 2005 14.16 13
March 1, 2005 22.53 22
May 4, 2005 30.02 30
June 5, 2005 16.89 10
September 9, 2005 38.74 40
October 11, 2005 35.34 35
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Figure 2. Spatial distribution of chlorophyll-a. concentration
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Figure 3. 30 year standard normal precipitation. Source:
INMET (2014).

taking into account the methodological uncertainties of
remotely sensed chlorophyll-a concentrations (Novo et al.,
2013; Novo and Stech, 2011). This strategy is supported
by Reynolds (2006), whose findings indicate that the
blooming process is not related to phytoplankton biomass
abundance only, but to the abundance relative to a given
aquatic system base level. Taking into account that Ibitinga
is a eutrophic system, high chlorophyll-a concentrations
are expected, independent of bloom occurrence.

Figure 4 shows time changes in the percentage of
the reservoir surface occupied by phytoplankton blooms
assuming that they occur when chlorophyll concentrations
reach values larger than 69.05ug.L!. The results show that
in September and October, when HTR is larger than 30 days
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Chlorophyll - a (CL)
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500< CL< 1000
1000 < CL

s

classes based on the application of the LUT proposed by

(Bennion et al., 2005) the reservoir surface is covered by
continuous and dense phytoplankton blooms. In May, at
the onset of the dry season in spite of the large HTR at the
satellite overpass, the percentage of phytoplankton bloom
covering Ibitinga surface is very small. Factors controlling
phytoplankton growth other than HTR might have affected
the development of extended and thick blooms. Among
them, one can mention the decrease in Irradiance from
January to June (Kirk, 2011), and in the frequency of
frontal systems in the region (Tundisi et al., 2004).

The analyses of Figure 5 show that the percentage of
the reservoir surface covered by dense and continuous
blooms varied widely during 2005. In September, when
HRT reaches 40 days, the extent of the phytoplankton
bloom detected by the satellite reaches almost 80% of the
reservoir surface. Still, even during periods of very low
HRT, there are regions of phytoplankton bloom. In June,
stratification might be also an explanation for the lack of
extended blooms (Lewis, 2000), they occur locally.

Figure 6 supports the idea that the HTR controls a great
deal of the extent to which Ibitinga reservoir surface will
experience phytoplankton bloom. Except for May-2005,
increases in HTR correspond to proportional increases in
the reservoir surface occupied by phytoplankton blooms.
Despite the limited number of observations, the results
suggest that nuisance blooms in the Ibitinga reservoir
can be prevented by keeping the residence time bellow
20 days, mainly during spring time.
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Figure 4. Spatial distribution of phytoplankton blooms (blue= without dense and extended blooms; green=blooms).
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Figure 5. Percent of the Ibitinga reservoir surface covered
by phytoplankton blooms with chlorophyll-a concentration
larger than 69ug. L.

4. Conclusion

The use of remotely sensed chlorophyll-a concentration
allowed mapping the area occupied by dense and extended
phytoplankton blooms. The percentage of the reservoir
area covered by the blooms showed a strong relationship
with the HRT during 2005. In spite of the limited number
of observations, the results corroborate the importance of
the HRT for explaining the increase in the frequency and
extended blooms in eutrophic reservoirs such as Ibitinga.
Remote sensing techniques, despite the uncertainty in the
determination of chlorophyll-a concentration, proved to be
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Figure 6. Percentage of reservoir surface classified as super
to hypereutrophic versus hydraulic residence time (days).

an useful tool to investigate time changes in chlorophyll-a
distribution. It also proved to be useful to investigate
the relationship between HRT and the occurrence of
phytoplankton bloom.
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