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Abstract. The Guanabara Bay (GB) is an estuarine system in the metropolitan region of Rio de
Janeiro (Brazil), with a surface area of ∼346 km2 threatened by anthropogenic pressure. Remote
sensing can provide frequent data for studies and monitoring of water quality parameters, such as
chlorophyll-a concentration (Chl-a). Different combination of Medium Resolution Imaging
Spectrometer (MERIS) remote sensing reflectance band ratios were used to estimate Chl-a.
Standard algorithms such as Ocean Color 3-band, Ocean Color-4 band, fluorescence line height,
and maximum chlorophyll index were also tested. The MERIS Chl-a estimates were statistically
compared with a dataset of in situ Chl-a (2002 to 2012). Good correlations were obtained with
the use of green, red, and near-infrared bands. The best performing algorithm was based on the
red (665 nm) and green (560 nm) band ratio, named “RG3” algorithm (r2 ¼ 0.71,
chl-a ¼ 62;565 � x1.6118). The RG3 was applied to a time series of MERIS images (2003- to
2012). The GB has a high temporal and spatial variability of Chl-a, with highest values
found in the wet season (October to March) and in some of the most internal regions of the
estuary. Lowest concentrations are found in the central circulation channel due to the flushing
of ocean water masses promoted by pumping tide. © 2016 Society of Photo-Optical Instrumentation
Engineers (SPIE) [DOI: 10.1117/1.JRS.10.026003]
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1 Introduction

According to the classification introduced by Ref. 1, the overall ocean waters are partitioned in
case-1 and case-2 waters. Case-1 waters are those in which the ocean color depends mainly on
phytoplankton biomass and can be described in terms of the chlorophyll-a concentrations
(Chl-a). In this case, algorithms that make use of the bands centered in the blue–green region
of the electromagnetic spectrum have been successfully applied to estimate.2 However, these
algorithms are not suitable for case-2 waters,3,4 usually found in coastal regions, where
other optically active constituents, such as colored dissolved organic matter (CDOM), inorganic
particles and detritus, do not necessarily covary with Chl-a. Consequently, the estimation of
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Chl-a as an index of phytoplankton biomass in optically complexity waters (case-2) is not a
trivial task.5 Among the biggest challenges are the lack of appropriate models of atmospheric
correction to derive precisely the remote sensing reflectance (Rrs) and the absence of robust
bio-optical inversion methods to differentiate Chl-a from other optically active constituents.5

A variety of atmospheric correction models5,6–12 and bio-optical inversion methods5,13–15

have been proposed and evaluated in the scientific literature. To overcome the difficulties in
estimating Chl-a in case-2 waters, new approaches have been adopted16–20 using spectral
bands centered in the red and infrared region of the electromagnetic spectrum. A comprehensive
review of different types of algorithms, their applications, and their limitations for monitoring
algae blooms is discussed in Ref. 21.

The Guanabara Bay (GB) is an estuarine system located in the metropolitan region of the state
of Rio de Janeiro, Brazil (Fig. 1), with a surface area of 346 km2, average depth of ∼7 m, river
inflow of ∼100 m3 s−1 and semidiurnal tide with mean amplitude of ∼0.8 m that associated with
the local currents promotes about 50% water renewal in ∼11 days.22 Tidal currents at the bay
entrance range from 80 to 150 cm s−1.23 The bay receives liquid and solid contributions of indus-
tries, including two oil refineries, oil terminals, two commercial ports, and many shipyards, among
other economic activities. GB is under the regime of a humid tropical climate and presents a spatial
gradient of eutrophication from the mouth to the bay head.24–26 Due to the large amount of organic
matter and debris and its highly eutrophic character, the transparency of GB waters is extremely
low, especially in innermost regions, with average “Secchi” depth values ≤1 m.

On account of the large spatial and temporal variability caused by local circulation pattern
and the inputs from 27 sub-basins of the GB watershed, a large number of sampling points are
required for an adequate monitoring of the water quality. Alternatively, a remote sensing
approach can provide low-cost synoptic analyses with high temporal resolution. Of particular
interest are the radiometric data collected by ocean color sensors, such as Moderate Resolution
Imaging Spectroradiometer (2002 to current) and Medium Resolution Imaging Spectrometer
(MERIS, 2002 to 2012), both with temporal resolution of 1 to 2 days and global coverage.
Recent scientific publications have demonstrated the possibility of monitoring water quality
in coastal areas and estuarine systems using these sensors.4,17–19,27–32

Previous studies using satellite data for assessing the water-quality parameters in GB have
used LANDSAT thematic mapper (TM) and enhanced thematic mapper (ETMþ) sensors.33,34

TM and ETMþ data were shown to be adequate to analyze Secchi depth, total suspended solids,
and turbidity, but no correlation was found with Chl-a concentrations and sensor bands in the
GB.33 The TM and ETMþ limitations are due to the relatively low signal-to-noise ratio35 as well
as to the limited number of spectral bands in the visible region, where water-quality spectral
signatures are observed.

Fig. 1 (a) South America, Brazil, Guanabara Bay; (b) general view of Guanabara Bay and the
sampling stations (black and red dots). The red circles in (b) show the sample points located
at the marginal regions. SD and GL are meteorological stations at Santos Dumont and
Galeão airports, respectively.
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The present study aims to develop an empirical algorithm to identify the spatial/temporal
distribution of Chl-a concentration patterns in the GB. To do so, a time series of in situ
Chl-a is compared against MERIS-derived estimates using different band-ratio algorithms.
In order to facilitate the interpretation of the results, GB was divided into five sectors: S1,
S2, S3, S4, and S5 (Fig. 1). S1 and S2 sectors enclosed the tidal channel, where the highest
intrusion of ocean waters occurs. S3 sector encloses some islands with shallower depths in com-
parison with sectors S1 and S2 and less influenced by tidal currents. Currents are weaker on S4
sector, but it is under a more substantial river inflow influence on its northeast (more preserved)
and east (more impacted by human activities) portions. S5 sector also has a significant contri-
bution of river inputs in its northwestern portion, and tidal current values are comparable to S4.
S5 sector receives the most drastic contribution of municipal and industrial outfalls and is the
most impacted by anthropogenic activities.26

2 Available Data and Analysis Procedures

2.1 In Situ Chlorophyll-a Concentration

A dataset with 570 measurements of Chl-a, collected between October 2002 to January 2012,
was provided by the Laboratory of Hydrobiology, Rio de Janeiro Federal University.36 Surface
water samples (depth < 1 m) were collected at 35 sampling sites distributed in different sectors
of GB (Fig. 1).

Approximately one sample per month was collected for each sector. The samples were fil-
tered using cellulose membrane filters (Millipore HAWP 0.45 μm) immediately after collection,
and the filters were stored in liquid nitrogen. The Chl-a was determined after extraction in 90%
acetone over a period of 18 h at 4°C. Both measures (scanning spectrophotometer Perkin-Elmer
Lambda 25) and calculations were based on procedures and equations described by Ref. 37. The
spectrophotometer was calibrated with pure Chl-a (Sigma ® C-6144) and the detection limit
estimated at 0.02 mgm−3.38

2.2 Photosynthetically Available Radiation and Precipitation Rate

Monthly rainfall data collected at two meteorological stations (22°48′S to 43°15′Wand 22°54′ S
to 43°09′ W, Fig. 1) was made available by the Institute of Air Control of the “Santos Dumont
and Galeão” airports. Precipitation data in the GB watershed area were derived from the Tropical
Rainfall Measuring Mission (TRMM 3B43 product). Both PAR and TRMM precipitation data
were downloaded from Giovanni/NASA39 with spatial resolution of 0.25 × 0.25 deg.

2.3 Medium Resolution Imaging Spectrometer Image Processing

Atmospherically corrected MERIS full-resolution Level 2 images were provided by the
CoastColour Project Group,40 with a spatial resolution of 300 m, from January 2003 to
April 2012. The atmospheric correction scheme is supported by a neural network, named
Case 2 Regional Processor (C2R), applicable to a wide range of water types, from clear to
extremely turbid water.41,42 The BEAM software43 and the Python programming language44

were used for the manipulation of MERIS images as well as for the extraction of the remote
sensing reflectance (Rrs). Three criteria guided the extraction of Rrs: (1) time lag of up to �4 h

between the satellite overpass and in situ Chl-a measurement; (2) a window of 3 × 3 pixels

centered at the sampling points for Rrs median value; and (3) after discarding the pixels asso-
ciated with several quality control flags such as cloud cover, sun glint, pixels adjacent to land or
clouds and so on, the MERIS data were only validated when the number of valid pixels in the
3 × 3 window was ≥4.

3 Algorithm Development

Various combinations of MERIS band ratios were initially selected from the literature and cor-
related with in situ Chl-a for obtaining the regression curves and deriving empirical algorithms,
as described below.
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3.1 Ocean Color 3-Bands e-Ocean Color 4-Bands

The Ocean Color 3-band (OC3) and Ocean Color-4 band (OC4) algorithms2 make use of the blue
and green bands to estimate the global Chl-a. Due to the significant contribution of CDOM and
nonalgal particles in the spectral region of the blue, the algorithms tend to overestimate Chl-a in
Case-2 waters. To check the correlation between the OC3 and OC4 algorithms with in situ Chl-a,
the following relationships were used:

EQ-TARGET;temp:intralink-;e001;116;656OC3 ¼ max½Rrsð442Þ; Rrsð489Þ�
Rrsð559Þ

; (1)

EQ-TARGET;temp:intralink-;e002;116;610OC4 ¼ max½Rrsð442Þ; Rrsð489Þ; Rrsð509Þ�
Rrsð559Þ

; (2)

where Rrs ¼ remote sensing reflectance and max means the maximum ration of the spec-
tral bands.

3.2 Fluorescence Line Height and Maximum Chlorophyll Index

Suitable for biomass estimates in waters with moderately high Chl-a (> 0.5 mgm−3), the fluo-
rescence line height (FLH)45,46 makes use of the chlorophyll fluorescence peak centered at
680 nm, based on an interpolated line between 665 and 708 nm:

EQ-TARGET;temp:intralink-;e003;116;473FLH ¼ Rrs2 −

2
4Rrs1 þ

0
@Rrs3

−
Rrs1

1
A � ðλ2 − λ1 Þ

ðλ3 − λ1 Þ

3
5; (3)

where Rrs ¼ remote sensing reflectance, λ1 ¼ 665 nm, λ2 ¼ 680 nm, λ3 ¼ 708 nm.
When the Chl-a increases significantly, part of the fluorescence signal at 680 nm is impacted

by the magnification of the chlorophyll absorption band in 670 nm. In this case, the reflectance
spectrum has a maximum peak at 700 nm and minimum at 665 and 680 nm. The maximum
chlorophyll index (MCI)46,47 makes use of these features and it is recommended for high
Chl-a, >30 mgm−3:

EQ-TARGET;temp:intralink-;e004;116;345MCI ¼ Rrs2 −
�
Rrs1 þ ðRrs3 − Rrs1Þ �

ðλ2 − λ1 Þ
ðλ3 − λ1 Þ

�
; (4)

where Rrs ¼ remote sensing reflectance, λ1 ¼ 680 nm, λ2 ¼ 708 nm, λ3 ¼ 753 nm.

3.3 Near-Infrared-Red Model

The near-infrared (Nr) model takes into account the relationship established between Rrs and the
optical properties of water:

EQ-TARGET;temp:intralink-;e005;116;227Rrs ∝
f
Q

�
�

bb
ðaþ bbÞ

�
; (5)

where a and bb are the absorption and backscattering coefficients, respectively, and f∕Q ratio
describes the dependence of Rrs relative to the water column emergent light field.48 Using stra-
tegically placed spectral bands, the model seeks to minimize the contributions of different con-
stituents (other than Chl-a) to the absorption and also minimize the backscattering of suspended
particulate matter, maximizing the model sensitivity to variations of Chl-a. The Nr model is used
for assessing Chl-a in turbid productive waters with Chl-a ≥ 5 mgm−3.16,49 Further details of the
relationships established in the Nr model are discussed in the scientific literature.49–52

Four variations of the Nr model were implemented in this work using MERIS spectral
bands:16,18,49,50
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EQ-TARGET;temp:intralink-;e006;116;735Nr1 ¼ Rrsð708Þ
Rrsð665Þ

; (6)

EQ-TARGET;temp:intralink-;e007;116;698Nr2 ¼
�

1

Rrsð665Þ
−

1

Rrsð708Þ
�
� Rrsð753Þ; (7)

EQ-TARGET;temp:intralink-;e008;116;656Nr3 ¼
�

1

Rrsð665Þ
−

1

Rrsð680Þ
�
� Rrsð708Þ; (8)

EQ-TARGET;temp:intralink-;e009;116;614Nr4 ¼ ½Rrsð665Þ−1 − Rrsð680Þ−1�
½Rrsð708Þ−1 − Rrsð680Þ−1�

; (9)

where Rrs ¼ remote sensing reflectance.

3.4 Red–Green Model

Red–green (RG) model makes use of red and green bands to derive Chl-a.17,19,53–55 Four variants
of RG model were tested in the present work, considering the inclusion of the 708-nm band in
one of those in Eq. (10):

EQ-TARGET;temp:intralink-;e010;116;489RG1 ¼ max½Rrsð680Þ; Rrsð708Þ�
Rrsð560Þ

; (10)

EQ-TARGET;temp:intralink-;e011;116;442RG2 ¼ Rrsð665Þ
max½Rrsð560Þ; Rrsð620Þ�

; (11)

EQ-TARGET;temp:intralink-;e012;116;400RG3 ¼ Rrsð665Þ
Rrsð560Þ

; (12)

EQ-TARGET;temp:intralink-;e013;116;359RG4 ¼ ½Rrsð665Þ þ Rrsð680Þ�
½Rrsð560Þ þ Rrsð620Þ�

; (13)

where Rrs refers to remote sensing reflectance.

4 Statistical Analysis

Statistical comparisons between in situ measured Chl-a and estimated Chl-a from MERIS
images were based on the following error parameters: Spearman’s correlation coefficient
(R2), root mean square error (RMSE) and mean relative error (MRE):

EQ-TARGET;temp:intralink-;e014;116;228RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

X
ðChl‐aestimated − Chl‐ain situÞ2

r
; (14)

EQ-TARGET;temp:intralink-;e015;116;181MREð%Þ ¼ Chl‐aestimated − Chl‐ain situ
Chl‐ain situ

� 100
n

; (15)

where n is the total number of observations.
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5 Results and Discussion

5.1 In Situ Chlorophyll-a

For a total of n ¼ 570 measurements of Chl-a, the concentrations mean, standard deviation,
median, minimum and maximum values were 65.1, 101.8, 34.9, 1.0, 974.0 mgm−3, respec-
tively, while the corresponding seasonal totals were 80.5, 129.3, 38.8, 1.0, 974.0 mgm−3

(n ¼ 258) for the wet season (October to March), and 52.4, 69.0, 30.6, 1.4, 736.4 mgm−3

(n ¼ 312) for the dry season (Table 1). Mean Chl-a and “Secchi” depths in GB show seasonality
in the different sectors (Fig. 1). The wet season is characterized by higher Chl-a values (lower
Secchi depths) and the dry season by lower Chl-a values (higher Secchi depths) (Table 1). The
only exception was found in S4 sector, which has slightly higher mean Chl-a in the dry season
(71.4 mgm−3) compared to the wet season (66.1 mgm−3). The same result is observed when
one considers the median values of Chl-a (Table 1). Chl-a standard deviation (Std) is higher in
the wet season (Table 1) as well as the coefficient of variation (CV ¼ Std∕mean). On the wet
season, the CV for sectors S1, S2, S3, S4, and S5 was 114%, 71%, 136%, 182%, and 125%,
respectively. In the dry season, CV corresponded to 97%, 78%, 77%, 98%, 110%, indicating
high variability of the data, mainly in the wet season. In general, highest Chl-a values are
observed in summer and tidal outflow conditions and lower values during winter conditions
and tidal inflow.22,24,25

Eight Chl-a extreme values (ne ¼ 8,>500 mgm−3) were identified in sectors S3, S4, and S5
(ne ¼ 1, 1, and 6, respectively). Seven of them were identified in the wet season. The wet season
has intense insolation, higher nutrient input from river discharge (not available) and stronger
temperature/salinity gradients due to increased stratification of the water column,24 conditions
that are favorable for blooming.56 Four out of eight extreme values were measured along the
western circulation channel located between Governador Island and Ramos beach (Fig. 1),

Table 1 In situ Chl-amean values and Secchi depths at different sectors of Guanabara Bay from
2002 to 2012 (see Fig. 1 for sectors).

Sector No. of obs.

Chlorophyll (mgm−3) Secchi depth (m)

Mean Median Std Min Max Mean Median Std Min Max

Wet season (January, February, March, October, November, December)

S1 62 29.1 21.6 33.3 1.0 188.1 1.9 1.9 1.0 0.5 5.0

S2 39 40.9 29.7 29.2 3.4 140.1 1.3 1.5 0.4 0.5 2.5

S3 28 86.4 50.8 118.3 6.8 559.9 0.9 1.0 0.5 0.5 3.0

S4 44 66.1 46.0 120.4 14.1 829.1 0.7 0.7 0.2 0.1 1.5

S5 85 141.6 87.4 177.9 1.4 974.0 0.6 0.5 0.3 0.2 1.5

258 80.5 38.8 129.3 1.0 974.0 1.1 1.0 0.8 0.1 5.0

Dry season (April, May, June, July, August, September)

S1 76 14.8 10.3 14.4 1.4 57.0 3.0 3.0 1.2 0.8 7.5

S2 49 32.7 26.2 25.8 2.6 96.0 2.0 1.5 1.2 0.6 7.0

S3 37 39.2 31.3 30.3 6.0 142.8 1.2 1.0 0.6 0.5 3.0

S4 50 71.4 50.7 70.5 11.1 371.0 0.9 1.0 0.3 0.3 2.0

S5 100 86.1 63.4 95.2 1.7 736.4 0.7 0.7 0.5 0.1 3.9

312 52.4 30.6 69.0 1.4 736.4 1.6 1.0 1.2 0.1 7.5

Global 570 65.1 34.9 101.8 1.0 974.0 1.3 1.0 1.1 0.1 7.5
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one of the most impacted marginal regions in the GB.25 The 300-m spatial resolution of the
MERIS sensor is not apropriated to study this small channel. The lack of information about
the spatial extent of these extreme concentrations (both vertically and horizontally) restricts
a more detailed analysis about the impact on primary productivity. It should be noted that at
the time of water sampling, the station location can be moved in the presence of local spots
of intense bloom. The distribution pattern of these blooms is a problem for remote sensing,
as the phytoplankton concentrations can vary by more than 1 order of magnitude within the
instantaneous field of view (IFOV) of the orbital sensor. Global mean Chl-a of 65.1 mgm−3

(Table 1) reduces to a value of 55.7 mgm−3 when removing the extreme values, considered
here as outliers.

5.2 Total Suspended Matter and Particulate Organic Matter

To support the analysis, previous studies about total suspended matter (TSM) were assessed from
the scientific literature.26,33,57,58 The average TSM concentrations found within GB region were
relatively low, usually <50 gm−3 with higher concentrations in the inner portion and during wet
season. This pattern highlights the role of primary productivity and dissolved organic matter in
the degree of turbidity in the bay, which presents an overall Secchi depth of ∼1.0 m in average
(Table 1). Particulate organic matter (POM) is predominantly composed of organic matter of
indigenous origin and the contribution of land-based sources for POM is more relevant in
the wet season.58

5.3 Reflectance Spectrum

A total of 162 match-ups were extracted from 26 MERIS images. The Rrs spectra varied sig-
nificantly in the visible and NIR regions (Fig. 2). In general, there is an increasing exponential
curve from 412 to 560 nm, and high peaks in Rrs at 708 nm, typical of waters with high
Chl-a.51,59 The lack of in situ radiometric data and concomitant information about the concen-
trations of other optically active constituents (TSM, POM, and CDOM) precludes a more
detailed assessment of the contribution of these constituents to the Rrs spectrum.

Fig. 2 Remote sensing reflectance derived from MERIS full-resolution images concomitant with in
situ Chl-a concentrations (match-up: n ¼ 162, derived from 26 MERIS images). The gray bars
delimit the spectral bands of MERIS sensor.
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5.4 Ocean Color-3 Band, Ocean Color-4 Band, Fluorescence Line Height and
Maximum Chlorophyll Index Chlorophyll-a Algorithms

The scattering of points in Fig. 3(a) highlights the lack of correlation between Chl-a and OC3
[Eq. (1)] and Chl-a and OC4 [Eq. (2)]. The dissolved organic matter in the GB has impact in the
shorter wavelengths and restricts the use of algorithms that use the blue/green ratio. The algo-
rithm MCI [Eq. (3)] shows an improved performance, R2 ¼ 0.55, when compared to FLH
[Eq. (4)], R2 ¼ 0.21 but still with a large dispersion of points [Fig. 3(b)].

5.5 Near-Infrared and Red–Green Chlorophyll-a Algorithms

Figure 4 shows the relations between in situ Chl-a and the index determined by the Nr algorithms
[Eqs. (6) and (7)] and RG algorithms [Eqs. (10) to (13)]. The wet season had a lower number of
match-ups, 46, whereas the dry season had 116. The results derived from Eqs. (8) and (9) are not
shown due to the poor correlation observed among Chl-a, Nr3, and Nr4 (R2 ¼ 0.01 and 0.13,
respectively). The algorithms that used only the red and infrared bands [Nr1 and Nr2,
R2 ¼ 0.46 and 0.44, Figs. 4(a) and 4(b), respectively] did not show satisfactory performance.
Though, in others regions, the Nr model has been successfully used for case 2 waters with
high Chl-a.16,18,19,51,60 Previous works already discussed about the difficulties of C2R atmospheric
correction algorithm to estimate the reflectance peak at 708-nm MERIS band with increasing
Chl-a.60,61 It is interesting to observe that the algorithms, which make use of one or two infrared
bands, FLH, MCI, Nr1, Nr2, Nr3, Nr4 [Eqs. (3), (4), and (6)–(9), respectively], did not have a good
performance, except the RG1 [Eq. (10)] that has the green and red band too. Atmospheric cor-
rection is yet a challenge and one of the most limiting factors for an accurate observation of water
constituents from satellite remote sensing data, particularly in water masses dominated by signifi-
cant concentrations of phytoplankton and CDOM.62,63

However, phytoplankton absorption influences the radiation that leaves the water in
a nonlinear way.64,65 The absorption of light by phytoplankton causes the phenomenon of
light emission (fluorescence), and the fluorescence maximum peak correlates positively with
Chl-a. For Chl-a < 10 mgm−3, the fluorescence peak is located at ∼685 nm, but shifts to
longer wavelengths with increasing concentration (red shift), reaching 715 nm when
Chl-a ≥ 100 mgm−3.54 Several factors can difficult the interpretation and quantification of fluo-
rescence signal as a function of Chl-a: (i) the fluorescence signal may saturate at high Chl-a;
(ii) the physiological state of the phytoplankton cells; (iii) the photo inhibition of phytoplankton
due to intense solar radiation; (iv) the presence of photoprotective pigments, which may increase
the absorption of light in the spectral region of blue–green, with no corresponding increase in
fluorescence signal; (v) the package effect that makes larger phytoplankton cells has lower
absorption per unit mass of Chl-a than smaller cells; or (vi) indirect effects caused by

Fig. 3 In situ Chl-a (mgm−3) versus (a) OC3 and OC4 algorithms; (b) FLH and MCI algorithms.
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CDOM absorption, which can reduce the availability of light absorbed by the phytoplankton in
the spectral region of blue–green, impacting the fluorescence signal per unit of Chl-a.54,64–66

Due to the package effect and phytoplankton pigment composition, the values of Chl-a spe-
cific absorption coefficient of phytoplankton (a�ph, absorption coefficient of phytoplankton per
unit of Chl-a concentration) in all parts of the spectrum as well as the variability of a�ph decreases
with increasing Chl-a.66 The variability of a�ph depends on the physiological and ecological
dynamics of the phytoplankton community and can be a source of uncertainty in models for
the remote estimation of Chl-a.51 Gilerson et al.67 simulated around 2000 reflectance spectra
for a wide range of typical conditions for inland and coastal waters and found that the variability
of a�ph is the major factor that affect the performance of the Nr model. The driving phytoplankton
assemblages of GB are typical for eutrophic to hypertrophic systems, largely dominated
by blooms and also red tide forming nanoplankton, filamentous cyanobacteria and
microplankters.57,68 Thus, in order to check the Nr model performance, studies for the variability
of phytoplankton absorption properties need to be carried out for this study area.

The algorithms based on RGmodel showed better results [Figs. 4(c)–4(f)]: RG1 (R2 ¼ 0.73),
RG2 (R2 ¼ 0.70), RG3 (R2 ¼ 0.71), and RG4 (R2 ¼ 0.68). First, due to the good performance
of C2R atmospheric correction to derive the Rrs in the region of blue and green60 and second,
because of the red/green band ratio and its tolerance to atmospheric correction errors.17 Some
factors can produce inconsistencies in the calibration process of bio-optical algorithms, such as:
(i) changes in Chl-a due to time lag between in situ Chl-a and the satellite overpasses, (ii) high
spatial variability of the Chl-a, making the in-situ sampling not representative of the area covered

Fig. 4 In situ Chl-a (mgm−3) versus algorithms (a) Nr1; (b) Nr2; (c) RG1; (d) RG2; (e) RG3; (f) e
RG4, according to Eqs. (6), (7), (10)–(13), respectively. Number of match-ups ¼ 162 (from 26
MERIS full-resolution images), 46 for wet and 116 for dry season.
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by the orbital sensor IFOV, or (iii) problems with atmospheric correction. In any case, such
inconsistencies are difficult or even impossible to be identified without the support of in-situ
data or real-time knowledge of field conditions.

Recent work developed in estuarine regions with characteristics similar to GB (optical prop-
erties modulated mainly by phytoplankton and CDOM) made use of green and red bands to
quantify the Chl-a. Le et al.17 and Tzortziou et al.69 showed that there is strong correlation
between Chl-a and red/green ratio on Chesapeake Bay and Tampa Bay, respectively. The ques-
tion is how the optical properties of water (Rrs, absorption and scattering coefficients) are con-
trolled by the optical constituents (Chl-a, CDOM, and inorganic particles). In both cases,
Chesapeake Bay and Tampa Bay, the total absorption in the spectral region of green and red
bands shows strong correlation with Chl-a. On the other hand, in case-2 waters where absorption
is dominated by the inorganic particles, as in the Gironde estuary70 and Yangtze estuary,71 algo-
rithms making use of the red/green ratio cannot provide satisfactory results.

In the GB, the high loads of dissolved organic matter and particulate organic matter, com-
posed predominantly by organic matter from autochthonou source,58 in association with high
Chl-a, characterize an environment where the application of red/green algorithms is promising.
Nevertheless, the presence of dissolved organic matter can be an issue. According to Ref. 72,
CDOM absorption at 700 nm is no longer negligible when aCDOMð400 nmÞ > 2 m−1. The lack
of in-situ data of other optically active constituents and other optical properties of the aquatic
environment restricts the design of an anticipated scope (dominant constituents, concentration
range, covariances, adequacy of the atmospheric correction algorithm) that could support the
elaboration and implementation of a bio-optical algorithm in the GB.

Due to the improved statistical performance, the algorithm chosen to estimate the Chl-a
using MERIS images was the RG3 [Eq. (12), Fig. 4(e)] (R2 ¼ 0.71, RMSE ¼ 34.48;
MRE ¼ 51.65%):

EQ-TARGET;temp:intralink-;e016;116;436Chl-a ¼ 62.565 � x1.6118; (16)

where x ¼ Rrsð665Þ∕Rrsð560Þ. The algorithm RG1 [Eq. (10) and Fig. 4(c)] had a better corre-
lation, R2ð0.73Þ but with higher RMSE and MRE values (39.48% and 52.74%) and higher scat-
tering with high Chl-a [Fig. 4(c)].

The RG3 algorithm was adjusted for a better fitting with the GB in situ Chl-a data
(1 ≤ Chl-a ≤ 500 mgm−3) and MERIS data. Table 2 shows the mean values and other Chl-a
statistc parameters of the dataset used to fit the RG3 algorithm. As can be seen in Fig. 4(e), the
algorithm detection limit was ∼3 mgm−3.

5.6 In Situ Chl-a and Satellite-Derived Chlorophyll-a Time-Series

The algorithm RG3 [Eq. (16)] was applied to the MERIS set of images from January 2003 to
April 2012. Time series of monthly average Chl-a concentrations, derived from samples col-
lected in situ, and estimated from MERIS image (Chl-a MERIS) were obtained. A mask of
3 pixels was applied over the MERIS images in order to account for the shallow bottom.
This masked pixels were excluded from the data comparison or other analyses. Disregarding
the sample points located in the masked areas (red circles, Fig. 1) and the sample points
with extreme concentrations (Chl-a > 500 mgm−3, see Sec. 5.1), the global average in situ
Chl-a (both dry and wet seasons) changed from 21.2, 36.3, 59.5, 68.9, 111.6 mgm−3 to

Table 2 In situ Chl-a mean values used to fit the RG3 algorithm (match-up with MERIS image).

Season No. of obs.

Chlorophyll (mgm−3)

Mean Median Std Min Max

Wet 46 36.3 24.0 52.6 1.0 351.5

Dry 116 57.0 42.1 65.7 1.7 317.0
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22.1, 36.3, 47.0, 54.3, 72.1 mgm−3 (sectors S1, S2, S3, S4, and S5, respectively, Fig. 1), as can
be seen in Table 3.

In the GB (mean depth ∼7.0 m), the bottom reflectance is avoided due to the low Secchi
depth (global mean Secchi depth 1.3 m, Table 1). Particulary, the mean Secchi depth values in S4
and S5 sectors are close to 0.5 m (Table 1), and even lower for areas close to the GB border
[depth < 1.0 m, Fig. 1(b)].

A satisfactory agreement is observed between in situ and RG3-MERIS estimated Chl-a
[Figs. 5(b)–5(f)]. The observed discrepancies can be associated with the high spatial variability

Table 3 Global in situ Chl-a mean values (both dry and wet seasons) for each sectors (Fig. 1).

Sectors Chlorophyll (mgm−3) Chlorophyll (mgm−3)a

S1 21.2 22.1

S2 36.3 36.3

S3 59.5 47.0

S4 68.9 54.3

S5 111.6 72.1

aDisregarding the sample points located in the masked areas (red circles, Fig. 1) and the sample points with
extreme concentrations (Chl-a > 500 mgm−3, see Sec. 5.1).

Fig. 5 (a) PAR and accumulated rainfall. In situ monthly Chl-a averages (green circles) and
MERIS-estimated Chl-a (violet star) for the sectors: (b) S1, (c) S2, (d) S3, (e) S4, and (f) S5.
The green squares show the number of samples used to calculate the in situ average.
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of Chl-a, even within a same sector, and the differences in calculating the average values. For in
situ data, a discrete sum of points was used. In most cases, there is only one sample per month.
For MERIS data, an integration of pixels with 5 or more images was used. The highest
differences are noted in the wet season, also characterized by higher spatial variability of
Chl-a, as seen on Figs. 5(b)–5(f) and from in situ Chl-a standard deviation (Table 1).

In the wet season, the horizontal and vertical gradients of temperature, salinity, and nutrients
are more influenced by the river discharge, larger precipitation [Fig. 5(a)], higher solar incidence
[Fig. 5(a)], and by the intrusion of shelf waters into the bay. Particularly, the intrusion of South
Atlantic Central Water (SACW), caused by the wind pattern over the continental shelf, is an
import source of nutrients to the region.73–76 This dynamics increases the water column strati-
fication and the optical complexity,22,25,77 reflected in the primary productivity and particulate
and dissolved organic matter concentrations.33,58,68

Coupled to the seasonal variability, the tide imposes spatial variations in temperature, salin-
ity, turbidity, and nutrient concentrations generating short-term modulations of the circulation
pattern in the bay.24 The renewal of waters by the tidal cycle depends on the distance to the
mouth, the rivers runoff, and the local topography. The tidal channel (Fig. 1) has a key role
in this process. Close to the mouth of the bay (sectors S1 and S2), surface currents are
more intense23 (1.6 m s−1) in association with lowest Chl-a (Fig. 6). Sectors S3, S4, and S5
have weaker surface current (∼0.3 m s−1), low dilution efficiency by ocean waters and higher
monthly average Chl-a (Fig. 6), due to the availability of nutrients that enter the bay as sewage.
As pointed by Cotovicz et al.,78 the most confined part of the inner bay behaved as the “bloom
genesis region” that can spread phytoplankton production and biomass over the rest of the GB
estuarine system.

Figures 6(a) and 6(b) show the monthly average values of in situ Chl-a and MERIS Chl-a,
respectively, for S1, S2, S3, S4 and S5 sectors [Fig. 1(b)]. Despite some fluctuations, an in situ
Chl-a decreasing (increasing) trend was observed from April to September (September to
December). From January to March, the trend looks different among the sectors [Fig. 6(a)].
In January, the in situ Chl-a values increased at S3, S4, and S5 sectors as compared with

Fig. 6 (a) Climatological in situ Chl-a (b) and MERIS estimated Chl-a for sectors S1, S2, S3, S4,
and S5 (see Fig. 1). Period: 2003 to 2012. The right Y axis shows the number of observations used
to calculate the mean (squares in the graphs).
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December, while at S1 and S2 sectors, the values decreased. Except for sector S1, the in situ
Chl-a values increased from February to April [Fig. 6(a)]. The maximum in situ Chl-a values
were found in April, except for sector S5, that had maximum value in January. The minimum in
situ Chl-a values were observed in July (S1, S2, and S3 sectors), September (S5 sector), and
October (S4 sector). The sampling rates of field measurements (in situ Chl-a) were generally
below 10 samples per month [Fig. 6(a), right Y axis].

The MERIS Chl-a values [Fig. 6(b)] showed some similarity with in situ Chl-a values
[Fig. 6(a)], particularly for S1 and S2 sectors. For S3, S4, and S5 sectors, the MERIS Chl-a
values varied much less among the months when compared with the in situ Chl-a values.
For S3 and S4 sectors, the maximum MERIS Chl-a values were estimated in September
[Fig. 6(b)], in contrast with in situ Chl-a values [Fig. 6(a)], which showed lower values in
September for these two sectors. The maximum MERIS Chl-a values were estimated in
March for S1, S2, and S5 sectors. The sampling rates provided by MERIS imagery were
more than 20 images per month [Fig. 6(b), right Y axis].

The RG3 algorithm was applied to a MERIS image time-series allowing the calculation of
climatological monthly means of surface Chl-a. Figure 8 shows the spatial and temporal vari-
ability of monthly means MERIS Chl-a for all sectors [Fig. 1(b)]. As previously mentioned,
lowest values are located in the tidal channel (S1 and S2 sectors), whereas higher concentrations
(Chl-a > 70 mgm−3) are observed in marginal regions, mainly in the S4 and S5 sectors (Fig. 8).
S4 and S5 are the most impacted sectors by the river intake and urban/industrial outfalls. S3
sector is influenced by general GB dynamics and, consequently, has its productivity modulated
by the water exchange with the other sectors (Fig. 8).

Relatively low MERIS Chl-a is observed in all sectors in January [Figs. 6(b) and 8(a)], in
association with typical austral summer environmental conditions, such as high precipitation rate
(Fig. 7), higher river discharges (not available), and wind regime that promote resuspension in
the coastal area.22 The rainy season is also cloudy limiting the acquisition of optical satellite
imagery during this period. Consequently, there is a reduction in the availability of remote sens-
ing data for “match-ups” with the in situ data. In the present study, 46 and 116 match-ups were
obtained during the wet and dry seasons respectively (Table 2).

It is interesting to note a decrease in precipitation and an increase in light availability
in February, followed by a slight increase in precipitation in March (Fig. 7). These relatively
more stable environmental conditions, compared to the January conditions, seem to stimulate
phytoplankton bloom, particularly in sector S5, when the MERIS Chl-a are considered
[Figs. 8(b) and 8(c)]. Analyzing the extreme values, eight extreme values were identified in
the in situ Chl-a time series with values > 500.0 mgm−3 (Sec. 5.1), with three (3) of those
occurring in February and three (3) in March. Other extreme values of in situ Chl-a occurred
in January (1) and September (1). In other words, the highest frequency of extreme values was
not observed in January.

Fig. 7 Climatological variation of the PAR and precipitation in the Guanabara Bay watershed.
M:S. ¼ meteorological station rainfall (mean of two stations, see Fig. 1), TRMM ¼ satellite derived
rainfall. Period 2002 to 2012.
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High Chl-a are also observed in the northwest region of sector S4 and in the northeast region
of sector S5, mainly from March to July. In early autumn (April) and Spring (September)
[Figs. 8(d) and 8(i)], Chl-a values are still high in all sectors (except on sector S1), even in
the dry season. April and September represent transition periods between dry and wet season.
For S1 and S2 sectors, the lower Chl-a values are observed in August [Fig. 8(h)], when rainfall is
also lower (Fig. 7). In the Guapimirim region (Fig. 1), northeast of sector S4, there is a pattern of

Fig. 8 Climatological (January 2003 to April 2012) monthly mean Chl-a (mgm−3) distribution
in Guanabara Bay, derived from MERIS images using the empirical algorithm RG3
(Chl-a ¼ 62.565 � x1.6118). White spots mask the presence of exposed rocks on the water surface.
The sectors cited in the text are indicated in (a).
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relatively constant Chl-a throughout the year (∼30 mgm−3). This trend was also observed by
other authors,22 who reported an average Chl-a value of 27 mgm−3. According to these authors,
the mangrove region located in the Guapimirim region acts as a barrier, filtering sediments and
nutrients from the water column and keeping the Chl-a approximately constant.

6 Conclusion

An empirical algorithm that makes use of the red/green band ratio was calibrated from a set of in
situ Chl-a concentrations and MERIS images allowing the estimation of a remotely sensed time-
series of Chl-a for GB. Monthly means of Chl-a show seasonal patterns and spatial gradients that
can be explained by the precipitation rate (river discharge), wind regime, light availability, tidal
pump, local topography (estuary topology), stratification of the water column and discharge of
untreated domestic and industrial wastes. In general, larger concentrations are observed in the
wet season. However, high concentrations are also found during the months of April and
September, transition periods between dry and wet seasons. The increasing anthropogenic inter-
ference in the GB watershed introduces more complexity in the spatial patterns of Chl-a con-
centrations. Thus, even in the dry season, high Chl-a are found in the marginal regions next to the
spots of domestic and industrial sewage outfalls, mainly located in the GB eastern and western
borders. Depending on the hydrodynamic regime, these high concentrations may be transported
to more central areas.

It is expected that this study motivates further studies to obtain a more detailed knowledge
of the optical properties of GB leading to an improvement of the algorithms. Understanding
how the optical properties of water are affected by major optical constituents is critical for a
remote sensing monitoring strategy.79 Nowadays, the complete lack of concomitant information
on the optical properties (inherent and apparent) and the main active optical constituents limit
the development of algorithms and restrict the validation of atmospheric correction procedures.
The possibility of measuring the atmospheric correction is a decisive step to evaluate more
appropriately the use of bio-optical algorithms that make use of the red and infrared spectrum
bands.

Finally, new sensors, like the Ocean and Land Colour Instrument (OLCI) onboard on
Sentinel-380 and Operational Land Imager (OLI) onboard on Landsat-881 are promising sensors
for monitoring the coastal and enclosed regions, like GB.35 Some recommendations are sug-
gested in order to improve the observational capacity of ocean color sensors.82 For instance,
the ability of incorporating spectral classification of water masses and the use of blended algo-
rithms that takes into account empirical and theoretical considerations about the optical proper-
ties and the optical active constituents of the aquatic environment.
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