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ABsTRACT

Optical characterizations of coastal water massednaportant tools for a better understanding of
physical and biochemical processes and aid thengattion of ocean color algorithms. In this study
we present three optical classes of water obsetugdg October/2005 and March/2006 on the inner
continental shelf adjacent to Santos Bay (Brahi§sed on remote sensing reflectance. ANOVA
indicated a crescent estuarine influence in clatges3. Class 3 presented the highest chloroghyll
and nutrient concentration and highest light altsmmpoefficients. Colored dissolved organic matter
(CDOM) dominated the light absorption in all classsnd was strongly correlated to salinity in
October/2005 due to the influence of the La Plaétanp. The results indicated that CDOM dynamics
in the Santos inner shelf are very complex. Théopsance of global chlorophyll algorithms was
significantly smaller for October/2005 than for Maf2006. As inconsistent changes in light
absorption spectra by phytoplankton were detectgdiden samplings, the results show that future
bio-optical algorithms for this region must be optied preferentially considering CDOM optical
parameters.

Resumo

A classificag@o otica de massas de Agua costekidlaana compreensdo de processos fisicos e
biogeoquimicos e permite otimizar algoritmos de doroceano. Neste estudo, identificamos 3
classes 6ticas de dguas na plataforma continerieaha adjacente a Baia de Santos (Brasil), com
base na reflectancia de sensoriamento remoto auerdurante outubro/2005 e margo/2006.
ANOVA indicou influéncia estuarina crescente emtseclasses 1 a 3, sendo que a Ultima apresentou
altos valores de clorofila; nutrientes e coeficientes de absor¢do da luz. &&émna organica
dissolvida colorida (MODC) dominou a absor¢cdo da &m todas as classes, mostrando forte
correlacdo com a salinidade em outubro/2005, suderinfluéncia da pluma do rio da Prata na
regido. Os resultados indicam dindmica bastanteplx@ da MODC na plataforma interna de
Santos. O desempenho do algoritmo global parafi&ei@(OC3), testado pelos dados radiométricos
e de clorofilaa in situ, foi bem inferior em outubro/2005 comparado a m&@e6. Como néo houve
mudancgas substanciais nos espectros de absorgéofifogllancton entre as duas épocas, 0s
resultados mostram que as propriedades de absdecéiw pela MODC devem ser consideradas
prioritariamente na otimizacéo de algoritmos biga# na regido.

Descriptors: Santogner continental shelf, remote sensing reflecta@®20M, optical water mass
classification, chlorophyl& algorithms.

Descritores: Plataforma continental interna de &anReflectancia de sensoriamento remoto,
MODC, Classificacéo 6tica de massas de agua, Algos para estimativa de clorofiéa-
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INTRODUCT|ON al., 1998a; O'REILLY et al., 1998b) provide an
indispensable computational tool for the monitorafg
Continental shelves under the directoastal waters, but because of the optical complexi

influence of estuarine discharges display gredRf these environments, their performance might be
variability of ocean color (BUKATA et al., 1995), significantly affected according to the presence of

which has been an important tools for the detectioflifférent optical components. ) _
and quantification of dissolved and particulate Our study was conducted in the continental
material from different sources (MOREL, 2006)_shelf waters adjacent to the Santos estuarine myste

Ocean color products may include, besides the widelVhich encompasses two estuarine channels and the

used chlorophyll concentration, indices of dissolved S@ntos Bay (Fig. 1), a small and semi-enclosed bay
organic matter (MANNINO et al., 2008) and located in Sédo Paulo State, Brazil. Due to its skall

parameters that provide insights into phytoplanktofp@thimetry ~and great fidal mixing (HARARI;

community structure (e.g. BREWIN et al., 2011).CAMARGO, 2003), the plume formed in the bay is a
Thus, bio-optical products from ocean color datebas mixture of the continental runoff and oceanic water
such as those provided by satellites, may improv@'@sses, composed mainly of Coastal Water (CW),

biogeochemistry studies as well as the managenient $£asonally mixed with Tropical Water (TW) and
water resources. eventual contributions of the South Atlantic Central

Ocean waters were optically classified more/Vater (SACW) (ANDUTTA et al., 2006). All of the

than 3 decades ago (MOREL: PRIEUR, 1977) int@bov‘? mention.ed \{vater masses glso have distinct
two main groups. The first of these, referred t€ase chemical and biological characteristics (A_ID_AR et al

1, are those in which phytoplankton and theirt993; ANDUTTA et al., 2006). Thus it is to be
associated and co-varying degradation productthare _expected _that their r_elatlve contrlbut_lons be méd
main optically active components present, whichsthul" the optical properties of the estuarine plunmented
cause the variability of ocean color. The remaining!ithin Santos Bay, which can be identified as detin
waters, named Case 2, are those where inorgari¥?€S and monitored by remote sensing spectral
particles and dissolved material govern changes ifffectances.

ocean color. Because of this, retrieving information
phytoplankton abundance using bio-optical methads i
Case 2 waters is difficult and requires the develkapm
of regional algorithms (SATHYENDRANATH,
2000).

Ocean color, or remote sensing spectra
reflectance R.), is determined primarily by two ;
inherent optical properties (IOPs) — the light®®
absorption and backscattering coefficients. In itlrb
waters (or Case 2), the high concentrations of edlor 3
dissolved and suspended materials tend to inctbase _ e
magnitude of both absorption and scattering 2 ; 264" g R
coefficients. However, the resulting ocean coloi 2 o e
depends on the combined spectral responses of t
several substances present in the water and thi §
relative contribution, thus a number of very distin 401 ‘ i
optical classes are present under the general Zase¢ 100/
types. Usually, the main optically active composent 7
in coastal waters are inorganic sediments a
phytoplankton, detritus and colored dissolved oigan 25°s - o P T
matter (CDOM). A number of studies have appliec. T e
multivariate approaches for the optical water maslgig. 1. Sampling grid for October 2005 and Marclo@®n

Classiﬁcatioln, in .orde.r to Contribgte to thethe inner continental shelf off Santos estuary, tiseastern
understanding of biological and chemical processesazil.

(e.g. ARNONE et al., 2004). Although a number of

semi-analytical models is available (see discussion . . .
BRICAUD et al., 2012), the simpler approach of Some studies on the optical pr_opertles of the
optical water type classification can optimize agtea Santos estuary and Santos Bay have discussed éne rol
color algorithm performances (AURIN et al., 2010),0f Spring tides in the resuspension of inorganic
expanding and facilitating the applicability of rera  Sediments and the estuarine input of organic pestic
sensing data. Empirical algorithms (e.g. O'REILLY et@nd CDOM during neap tides, whereas CDOM optical
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properties are not good predictors of surface ialin Surface water samples were collected at all
(BUCCI et al., 2012). Other surveys have shown thahe stations using 9 L Niskin bottles for the aselyof
summer phytoplankton blooms inside the Santomorganic nutrients and chlorophgl-concentrations
estuarine complex may produce optical dominance ghereafter referred &hl), as well as measurements of
phytoplankton and are modulated by tides (MOSER dight absorption coefficients by CDOM agon,
al., 2005; BUCCI et al., 2012), wind patterns (MOSERdetritus @qe) and phytoplanktorag,).
et al., 2012) and fresh water discharges. Nutrient concentrations were determined
Studies in coastal waters and waterspectrophotometrically from the filtered water, in
influenced by estuaries, such as Blondeau-Patissier accordance with the methods described in Aminot;
al. (2009) in estuarine and coastal waters of theats Chaussepied (1983) for ammonium, and in Grasshoff
Barrier Reef (Australia) and Aurin et al. (2010) inet al. (1983) for phosphate and silicate. Chlorojpayl
Long Island Sound estuary, have indeed demonstratedncentration €hl, mg nm® was determined by
that distinct optical domains resulting from thespectrophotometric methods, in accordance with
mixture of waters in the estuary-ocean interfacelim SCOR-UNESCO (1966), from samples retained in
identified by their optical properties. AP-40 Millipore filters (SALDANHA-CORREA et
This study focused on the identification ofal., 2004) and extracted in 90% acetone.
the different optical domains (or optical types)tire  Independently, samples f@hl were also determined
coastal waters adjacent to the Santos estuaritensys using a calibrated Turner Designs 10-005R
To understand the physical, chemical and biologicdluorometer, equipped with the non-acidificatiohei
influence of the Santos estuary on the adjacenf sheset (WELSCHMEYER, 1994). Samples of 500 mL
waters, we have classified the optical water types were concentrated on GF/F filters that were staned
the basis of the reflectance spectra of the sdacgur liquid nitrogen immediately after filtration. GF/F
measured in two periods (October 2005 and Marcfilters were extracted at —10°C or below, for aste2d
2006). The optical types were also characterizet, in pre-cooled 90% acetone: DMSO solution (6:4 by
according to absorption coefficients of CDOM,volume; SHOAF; LIUM, 1976). The values &hl
phytoplankton and “detritus” (or non-algal partile derived from both methods were averaged or chosen
that include inorganic sediments). Additionallyeth according to a set of criteria (not shown). The
performance of the global algorithm OC3, the stashdardifferences  between  spectrophotometric  and
algorithm of the Moderate Resolution ImagingfluorometricChlwere, in general, below 15%.
Spectroradiometer (MODIS) sensor, was evaluated to Volumes of 300 to 2000 mL were
estimate chlorophyl& concentration from reflectance concentrated onto GF/F filters for the measurerént
ratios. light absorption coefficients. Filters were immedig
preserved in liquid nitrogen and stored until asily
M ATERIAL AND M ETHODS Measurements followed the method of Tassan; Ferrari
(1995) wusing a Hitachi U3010 dual-beam
Two oceanographic campaigns wereSPectrophotometer and the path-length amplification

conducted on the inner continental shelf adjacent €orrection described in Tassan et al. (2000). Sampl
Santos Bay in October 2005 and March 2006, as paf?f‘d blank filters were scanned against air fror_n 60
of the ECOSAN research projetthe influence of 390 Nm at both the entrance and the exit of an
Santos estuarine complex on the adjacent contihentitegrating sphere. All the filters were then teeat
shelf ecosystem” conducted by the Instituto with a few drops of 0.5% NgCIO for 10 to 15 min and
Oceanografico da Universidade de Sao Paulo on boaiten carefully washed with the 0.2m filtered

the R/V Prof. W. Besnard. Each campaign was baseffawater to remove phytoplankton pigments.

on a grid of 40 oceanographic stations distributely/€asurements were repeated as above, and the
along eight sections originating from the same pisin  SPectral absorption of phytoplankton was computed a

the center of the entrance of Santos Bay (Fig. 1jhe difference between the scan before (total
rticulate) and after (“detritus”) bleaching, @mting

Temperature and salinity were measured at all the® !
stations using a Falmouth CTD profiler and the datfP’ the volume filtered and clearance area. Values
were used to obtain temperature-salinity (TSpPetween 740 and 750 nm were considered as

diagrams, following the thermohaline index propose@Psorption by detritus (TASSAN et al.,, 2000).
by Castro Filho et al. (1987). Measurements of the detritus spectral absorptiare we

Eight-day composites of sea surfacelitted to an exponential decay with wavelengthitdd

: 1
temperature (SST) with 4-km spatial resolutiontfe @ Value for magnitude at 443 nnaud(443), nt,
period of the sampling (12 to 15 October 2005 akd 2hereafter referred &) and spectral slop&gk,

1
to 26 March 2006) were derived from the MODISN™ ). Values between 740 and 750 nm were
sensor aboard the Aqua satellite. considered as absorption by detritus only (TASSAN e

al., 2000).



74 BRAZILIAN JOURNAOF OCEANOGRAPHY, 62(2), 2014

Filtrates from the particulate absorptionandg = 135°, respectively, at wavelengthE, is the
samples were used for determinations of CDOMlownwelling irradiance in all downward directions.
absorption coefficients. Samples were kept in e d Total upwelling radiance of wateL is the
at 4°C until analysis using a 10 cm quartz cuveti a sum of the upwelling radiance of waterl,)
scanning the samples in spectrophotometry agaiinst @ontaining dissolved and particulate materials ahd
between 300 and 750 nm. Freshly produced Milli-Ghe sky radiance L{) resulting from physical
water was used to zero the instrument. The sanperturbation of the sea surface, mainly the suttegli
fitting procedure for detritus absorption spectrasw and the presence of bubbles (FOUGNIE et al., 1999;
applied only to the 350—600 nm spectral absorptioSTEFFEN, 1996; MUELLER; AUSTIN, 1995). In
range (following BABIN et al., 2003) for derivingeh order to compute.(1,0,¢) the following correction
CDOM absorption parametersag,«{443), m%, was applied:
hereafter referred @gom andSgom NM2).

Because of the very similar spectral shape ¢ _
both CDOM and detritus (i.e., exponential decay o Lyw(2,6,9,0) = L:(2,6,¢,0) — pLsy (4,6, )
absorption values with increasing wavelength), mos 2
remote sensing methods and models combine both
components into a single variable named coloredhere p = 0.022 is the Fresnel reflectance for
detrital matter (CDM); thus, CDM absorption correction of the reflection and refraction effethst
coefficient Geqm MY is simply the sum ofgomand  occur wherEy andL, propagate through a flat surface
Aget (MUELLER; AUSTIN, 1995). Thep = 0.022 is the

Phytoplankton absorption spectra weremean value for the period of day at which the
parameterized following Ciotti et al. (2002), modifi measurements were taken, as determined by Kirk's
by Ciotti; Bricaud (2006). Resulting values of the(1994) equations.
parameterization are a magnitu@g ¢orresponding to Rs values were then computed by
the average value of phytoplankton absorptiomeferencing the upwelling radiance of watky,)(and
between 400 and 700 nm and the size paranggigr the upwelling radiance of the reference plagug (
which is a value constrained to vary between 0 Jnd over all anglesn):
and to specify the relative contributions of
microplankton and picoplankton to the phytoplanktor
absorption spectra, independenCail. R =2%w_xk (3)

Remote Sensing Reflectance

The spectral remote-sensing reflectance wawhere k is the reflectance of the reference plaque,
computed from the total upwelling radiance of scefa ideally close to 1 and spectrally flat.
water, Ly(4,0,9,0), acquired from 400 to 1100 nm (3 R spectra between 380 and 899 nm were
nm of resolution) with a spectroradiometer Spectrongenerated for a total of 49 stations (26 in Octpber
SE 590. The acquisition, correction and processing 21 in March). All values were offset to those
the radiometric measurements above water followedomputed for 869 nm (average between 866 and 872
the SeaWiFS validation protocol (MUELLER; nm) in order to remove any residual specular effect
AUSTIN, 1995). First, the effects of skylight (DESCHAMPS et al., 2004). To test the ocean color
reflection and residual sun glint were minimizedhwi algorithm performances, th&s spectra were then
a polarizer filter coupled to the sensor. Measurégme grouped into bands to represent the same wavelength
of the total upwelling radiance of water surfacechannels of the MODIS/Aqua ocean color sensor
(Li(2,0,0,0)), reflected sky radiancé.(1,0,¢,7)), and bands [ittp://modis.gsfc.nasa.gov/)The arithmetic
upwelling radiance of reference plaquey({.0,¢)) means of intervals of 15 nm, centered at 412 a®d 86
were taken sequentially at least 3 times at eadmm, and 10 nm, centered at 443, 488, 531, 551, 667,

daylight station. 678 and 748 nm were computed.
Remote sensing reflectancd&kdf, or the
color of the ocean, is defined as: Statistical Analysis

L.(0.0.2.0) The water optical type classification was
- o —oA PR (1) applied to the whole datasetn=49) using a
E,(1,0) Hierarchical Clustering Analysis (HCA) analysis with
the R spectra (between 407 and 752 nm) as input
. . . vector objects. The spectra were first normalized t
wherel,, is the upwelling radiance of surface WaterRrS(551) to minimize possible effects of distinct

measured in a zenithal and azimuthal angle, 45° ; ) ;
magnitudes enhancing the spectrum shape, since
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variations in theR at 551 nm are small in oceanic performance was tested with linear regression apaly
waters (TORRECILLA et al.,, 2011; AURIN et al., between estimated and measuieditu Chl (log) for
2010). The dissimilarity matrix degree was caladiat 27 stations in October 2005 and 22 stations in Narc
by computing the Euclidean distance (CLARKE;2006, as well as for the whole dataset (n=49).
WARWICK, 2001) applied to matrix d® spectra.

The cluster tree, cophenetic matrix and ResuLTs
indexes were computed using a complete linkage )
algorithm based on the dissimilarity matrix. Théotts Optical Water Types
value chosen for the groups was the inflection fpoin The HCA analysis yielded a cluster tree (Fig.

linkage distances between stations and the clustes$ and a cophenetic index of 0.8876, which inditate
below this point are identified as classes of @tic that the complete linkage algorithm was appropriate
water type (following SALVADOR; CHAN, 2004). A for our data. The ordination of the 49 oceanogmphi
Multidimensional Scaling (MDS) ordination analysis stations by the MDS, which also usBg spectra as
was applied on the same resemblance matrix, fofiput, obtained a stress value of 0.02, indicating
visualization of the clusters obtained in the HCAgs good fit of the metric to the dataset. The cutwaffue
the same cutoff value for the cluster tree. of the cluster tree and MDS was 3.09 (see Figure 3)
Significant differences in physical and The HCA and MDS analysis grouped tRg spectra
chemical properties (temperature, salinity andnto three optical water types, arbitrarily namesl a
nutrients) and  light absorption  parameterslasses 1, 2 and 3 (Figs 2 and 4). According to the
(phytoplankton, detritus and CDOM) were testeccytoff value, theR spectral for one station was
between optical water types using a one-way arglysgonsidered as an outlier and was not included yroan
of variance (ANOVA) with critical p < 0.05 and the three classes. This outlier was closer to pleetsa
posteriori Tukey test for unequah. Relationships of class 3, so it was grouped in this class. Classd
between variables, periods and parameters wet®mposed of only 3 stations, located in the outstmo
investigated by linear and non-linear regressiofpart of the sampling grid and the furthest fromtBan
analyses. Bay. Class 3 included the stations closest to Santos
Bay, and class 2 those located in intermediate nsgio
Ocean Color Algorithm Performance The cluster tree revealed that class 1 and 2 asercl

Chl concentration (mg 1) was estimated tO each other and equally distant from classR3.
using the ocean color algorithm OC3 (O'REILLY, spectra normalized bRRs(551) of each optical water
2000) and the simulated MODIS/Aqua spectral bandype are shown in Figure 5.
from the in situ reflectance values. The OC3
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Fig. 2. Cluster tree obtained by HCA analysis far tlataset comprising 49 stations
from both sampling campaigns, usiRg spectra between 407 and 752 nm as input.

The suffixo andm refers to station numbers during October 2005 aadcM2006,
respectively. Squares are for class 1, dots fascaand triangles for class 3.
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and ordering analyses (see Figures 2 to 4).

Significant differences between shapes and
magnitudes of thdR spectra corresponding to each
class were conspicuous and revealed expected trends
Class 1 presented a typical spectral shape of open
ocean waters, with higher reflectance in the blue
region decreasing exponentially with wavelength,
while class 3 exhibited typical spectral shapes for
turbid waters. Although class 2 showed intermediate
normalizedR values in the blue region, it was the
class with the highe® values in red wavelengths.

Physical and Biochemical Properties in the Classes

Significant differences (p < 0.05) were found
by ANOVA and Tukey tests applied to most of the
physical, chemical and biological variables frone th
optical water types discriminated by the HCA analyse
(Table 1). An exception was noted for temperatue a
concentration of ammonium, which were similar (or
equally variable) among all classes. The Tukeystest
showed that class 1 was similar to class 2 for the
remaining variables, except for the concentratién o
phosphate, which was similar for classes 2 and 3.

As expected, salinity was lower in class 3
and showed high variability (Fig. 6b). Due to the
estuarine influence, class 3 presented higher
concentrations and variability of silicate and
phosphate concentrations than classes 1 and 2 (Fig.
6f). Indeed, the mean concentration of silicatelass
3 was twice as high as in classes 1 and 2. The
concentration of phosphate in class 1 was very low,
with mean values close to the limit of detection
(assumed here as zero), while the average
concentration values in classes 2 and 3 were O\N37
and 0.50 pM, respectively (Fig. 6e). Although
ANOVA showed no differences for concentration of
ammonium among classes, the average value of class
3 was twice higher than those of classes 1 and® (F
6d). Chl concentration 16g) mean values and
variability were higher (Table 1) in class 3 than i
classes 1 and 2 (Fig. 6c).

Light Absorption Coefficients by CDOM, Phytoplanktand
Detritus in the Classes

ANOVA and Tukey tests that compared
light absorption parameteracfom apny ades 8, Stdom
Sy and Sye) between each optical water type (Table
2) showed that classes 1 and 2 are similaafgm,and
apny, Presenting mean values about one order of
magnitude lower than class 3 for both parameters. T
tests also indicated significant differences fof al
absorption parameters, except &g andSye
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Table 1. Average values for each class of waterrasdlts of one-way ANOVA for critical p < 0.05,
and Tukey HSD for unequal between discriminated optical water types for carigons between
physical and biochemical variableSignificant values (p < 0.05) are shown in boldtéo Dataset for
whole sampling period.

Variable

Salinity
Temperature (°C)
Chl—log (mg n°)

Silicate ({M)
Ammonium (M)
Phosphatey(\)

Class 1

35.10
27.61
-0.47
2.66
0.13
0.00

34.23
25.28
-0.43
2.50
0.18
0.37

32.26
24.28
0.24
5.21
0.37
0.50

Class2 Class3 Differences

between
classes
3<1=2
1=2=3

3>1=2
3>1=2
1=2=3
1<2=3

F calculated

12.560
1.993
13.852
5.026
0.722
7.052

p value

0.000
0.140
0.000
0.011
0.492
0.002

77

Table 2. Average values of the variables for edaelscof water and results of one-way ANOVA, fotticél p < 0.05, and
Tukey HSD for unequai between classes of optical water type for ligtgtoaption parametersSignificant values are in bold.

Parameter Class 1 Class 2 Class 3 Difference F calculated p value
between the
classes
Acdon (M) 0.017 0.050 0.188 3>1=2 16.970 0.000
Bony (M) 0.008 0.009 0.040 3>1=2 4.441 0.018
Bger(M™) 0.007 0.005 0.053 1=2=3 2.079 0.137
Scdor 0.023 0.019 0.017 1>2=3 9.597 0.000
Sony 0.835 0.836 0.527 3<1=2 20.789 0.000
Ste 0.011 0.011 0.012 1=2=3 0.824 0.445
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Fig. 6. Box plots for: (a) salinity; (b) temperatufc)Chl a (log); (d) silicate (og); (€) ammoniumlég);
and (f) phosphatddg), for the optical water type classes 1, 2 anch3hé box plots, the median (line
inside the box), lower quartile and upper quaiilex), minimum and maximum values (whiskers) and
outliers (cross) are represented.
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The magnitudes of light absorption shelf and dominance of the Coastal Water (CW) in
parameters (Fig. 7) revealed no significant diffiees October 2005. A large range of salinity was obsgrve
for ag4e, although the mean value in class 3 was onm this period: waters with very low salinities
order of magnitude larger than in classes 1 and 33.5) were present on the inner and medium shelf,
Class 3 also showed high variability f.m anyand  suggesting not only the influence of Santos estbaty
a4et (Fig. 7). The magnitude of CDOM absorption wasalso of waters from the Rio de la Plata (MOLLER Jr.
the most variable parameter among optical typeth wiet al., 2008; CASTRO et al., 2008). Outer stations
higher values in class 3, as expected. Similarlyltat presented higher salinities, as a result of TW
was observed for the magnitudes, the spectral shapefluence. SST images showed the tongue of cold
of light absorption by CDOM and phytoplankton, water (T < 20C) that originates in higher latitudes and
represented bySgom and Sy, respectively, were reached the study area in October 2005 (Fig. 10a).
significantly different according to the ANOVA tsst The main feature observed in the TS
Higher values of botl&.4.m and Sy, were found in  diagram (Fig. 9) in March 2006 were the high
class 1 than in classes 2 and 3 (Table 2) withschas salinities (S > 33.1), indicating the prevalence of
presenting less variability if4,mthan classes 1 and 2 oceanic water under TW influence, mixed with CW,
(Fig. 8). According to ANOVA there was no with high temperatures (maximum of €9 and the
difference inS;; as between classes, and the Tukegonfinement of the estuarine plume within Santos. Bay
test indicated similar mean values. Despite th&urther, the SACW signal was detected by low
ANOVA results, the average values & were temperatures (< 2C€) and salinities between 35 and
observed to be similar, but class 2 presented high86.4 (CASTRO FILHO et al., 1987). There was no
variability than other classes (Fig. 8b). evidence of La Plata River water influence durinat th
period. In March 2006, the SST was more
homogeneous and above °20 for the whole

) ) T southeastern continental shelf (Fig. 10b).
The TS diagram (Fig. 9) indicates the

presence of estuarine waters over the inner carttihe

Bio-optical Water Types andhl Algorithm
Performances Between Campaigns
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Fig. 7. Box-plots for light absorption magnitudésgj by CDOM @cdon), detritus fge)
and phytoplanktonagn,), for the optical water classes 1, 2 and 3. Inlibe plots, the
median (line inside the box), lower quartile andbempquartile (box), minimum and
maximum values (whiskers) and outliers (crossyepeesented.
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Fig. 9. Temperature-Salinity (TS) diagram for O&oR005 (crosses)
and March 2006 (dots) cruises, with density lineghe background.
The water masses indicated in the figure (CoasttEYW- CW, Tropical
Water — TW and South Atlantic Central Water — SACM according
to the thermohaline index proposed by Castro Féthal. (1987).

The results of one-way ANOVA and the The results of regression analysis between Giné
Tukey test (p < 0.05) between the periods of Ogtobestimated by global empirical algorithm OC3 a®ial
2005 and March 2006 are summarized in Table 3neasuredn situ are presented in Table 4. The March
Significant differences were observed between perio 2006 dataset obtained better adjustments (n=22,
for salinity, temperature and nutrients. The unique®=0.876) and lower mean square errors (MSEs) than
light absorption parameter that presented sigmifica October 2005 (n=272¥0.682) and also for the whole
differences between periods was &g with higher dataset (n=497#0.683).
values in October 2005 than in March 2006.
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Table 3. Average values of the variables for esampling  Table 4. Correlation (r) and determinatiofy goefficient, p-
period and results of one-way ANOVA, for criticakp0.05, value ), mean square error (MSE) betweghl estimated
and Tukey HSD for unequal between sampling period for by OC3 andin situ (log), for the two periods and for the
physical, biological, chemical and light absorptionwhole dataset (n=49).

parametersThe significant values (p < 0.05) are in bold.

Algorithm n r r? p MSE
Parameter Oct, Mar, F value OCE 4 0827 068  000(  0.036¢
2005 2006  calculated OC3- October, 27 0.826 068  0.00(  0.025
Salinity 31.72 34.48 90.046 0.000 2005
Temperature 0C3- March, 22 093 0.87¢ 000 0.016t
C) 2210  28.03 1297.282 0.000 9%
Chl (mg m®) 2.26 2.66 0.119 0.732 . . L
- The relationship between salinity a@aghom
Silicate (M)~ 5.38 3.08 8.400 0.006  for October 2005 and March 2006 is illustrated fog t
Ammonium scatter plot with linear adjustment in Figure 11.
(uM) 0.46 0.12 5.058 0.029  Salinity and a.gom were better correlated in October
2005 (r=-0.8542) than in March 2006 (r=-0.7141).
Phosphate The scatterplot and trend lines fagomand
(uM) 0.53 0.31 9.300 0.004  Sgyom are presented in Figure 12. The inclination of
Begom(MY) 017 0.10 6.067 0.018 trendline§ shows that t_he re!ationships are diffefer
o each period. The relationship betwegg, (acgom PlUS
Bony (M) 0.03 0.03 0.092 0.763  44e) andayy,, for each period (Fig. 13) shows tizagy,
ager(M™) 0.04 0.03 0.121 0.730 appears to co-vary more linearly withy,, in March
a(m?) 0.27 0.21 0.890 0.350 2006 (see slope of 1.00 and r= 0.8872). In October
2005, the same trendline was less robust (r=0.6188)
Scdom 0.02 0.02 0.002 0.966 and non-linear.
Sy 0.62 0.63 0.052 0.821
Stet 0.01 0.01 1.994 0.165

Sea Surface Temperature - October, 2005

Sea Surface Temperature - March, 2006
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Fig. 10. Sea surface temperature (SST) 8-day awerampositions derived from MODIS/Aqua sensor, vetd km spatial
resolution: 12-16 October, 2005 (a) and 22- 29 Ka2006 (b).
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Discussion

Optical and Biochemical Properties of the
Optical Water Types

The optical characterization of coastal water
masses is important for interpreting and optimizing
ocean color algorithms (ARNONE et al.,, 2004;
AURIN et al., 2010). Indeed, operational empirical
ocean color algorithms were designed only for Case 1
waters and are not expected to work well outsidke th
domain. Optical properties of the ocean are semsiti
to their physical and biogeochemical charactesstic
and, complementary to temperature and salinity
ranges, it is possible to classify a water mass by
identifying which component controls the total
absorption coefficient (LEE, 2006).

A number of studies have presented the
optical classification of water masses using
multivariate statistical analyses (e.g. AURIN et, al.
2010; TORRECILLA et al.,, 2011; BLONDEAU-
PATISSIER et al., 2009). Similarly to what was found
by Aurin et al. (2010), who used cluster analysés o
IOPs in the estuarine region of Long Island Sounn,
study identified three classes of optical wateret/m
the adjacent waters off Santos Bay using HCA and
MDS analyses. In the Long Island study, the
variability of IOPs was explained by the local effe
of riverine suspended sediment and high nutrient
loading, with two optical domains dominated by
phytoplankton absorption (of different proportions)
that were directly influenced by the river plumeda
third domain, further from estuarine influences,
dominated by colored detrital matter (CDM).

Our study distinguished 3 optical types (Fig.
5) in the study region. Class 1 represented clear
waters, resemblindRs spectra from Case 1 waters
(MOREL; PRIEUR, 1977). The spectra for class 2
exhibit intermediate characteristics of classesd 3,
but their biochemical and absorption variables ¢ehd
to be similar to those of class 1 for most pararmsete
and variables, except forSy4m and phosphate
concentration. The class 3 waters were closesheo t
entrance of Santos Bay and exhibited the typial
spectra of coastal waters influenced by estuarine
waters with low reflectance values in the blue oagi
owing to high CDOM, detritus and phytoplankton
absorption. The minimurR,s around 443 nm suggests
considerable absorption by chlorophgllAbove 551
nm, R increases in class 3, probably due to
backscattering from suspended material.

The mixing of waters from the Santos
estuary with continental shelf waters was noteworth
in class 3, which showed highly variable salinityda
high nutrient concentrations associated with tiveelo
salinities. The mixing processes do not signifiant
affect the intermediary class 2 waters and eves les
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those of class 1. For class 1, there was a predomo@n  in the coastal waters of Rhode Island, and verified
of the oligotrophic tropical water mass (AIDAR ¢t a in waters with high absorption by CDOM aBgiom <
1993; GIANESELLA; SALDANHA-CORREA, 2008) 0.020 nm, the phytoplankton requires accessory
with average nutrient concentrations about half ophotosynthetic pigments at longer wavelengths (532
those for classes 2 and 3. nm) to collect sufficient light energy for
Although Moser et al. (2005) ascertainedphotosynthesis. The composition of accessory
that the Santos and S&o Vicente estuaries exportpigments as well as phytoplankton self-shading (the
organic and inorganic matter, ammonium andcigment packaging described by DUYSENS, 1956)
chlorophylla to the bay, especially during the rainycontrols phytoplankton light absorption (see
season, our study suggests that this enrichment BRICAUD et al., 1995). Class 3 presented values of
clearly restricted to Santos Bay. Averagéhl ag,, one order of magnitude greater than classes 1 and
concentration in class 3 waters (3.40 mg)mvas 2, as was to be expected by virtue of the lifhand
about an order of magnitude higher than the meéns outrient concentrations in the estuarine systemre Th
classes 1 and 2 (0.35 mg>nmand 0.39 mg M range of ay,y values was consistent with those
respectively), which presente€hl concentrations observed by Bricaud et al. (2010) for open ocean
similar to those of other regions of the southeaste waters in the Southeastern Pacific (0.0008—0.08 m
Brazilian continental shelf, far from estuarine Both taxonomic composition and the cell
contributions, such as in the Ubatuba and Séasize of phytoplankton drive the spectral shapeggf
Sebastido coastal areas (AIDAR et al., 1993(CIOTTI et al., 2002; BRICAUD et al., 2004). One of
GIANESELLA; SALDANHA-CORREA, 2003; the parameters proposed to describe the specapesh
SALDANHA-CORREA; GIANESELLA, 2008). of ayn is the size paramet&;,, (CIOTTI; BRICAUD
CDOM rather than phytoplankton was the2006), that indicates primarily the dominant siZe o
dominant component for the light absorption in allphytoplankton and during parameterizations is fdrce
classes (more clearly so in classes 2 and 3), stigge to vary from O to 1, indicating dominance by laaged
the input of dissolved organic matter from thesmall cells in a continuum (CIOTTI et al., 2002).
estuarine system into Santos Bay (MOSER et alClass 1 and 2 waters were similar in termsSgf,
2005). While the magnitude of the spectral absorpti generally dominated by small cells (hig,, values),
by CDOM is related to the concentration of CDOM,while the size parameter in class 3 suggested
the spectral slope gives information about its seur dominance by large cells (low&;,, values), but also
and composition, including the ratio of humic ttvfa  high variability in cell size. Differences in the
acids (TWARDOWSKI et al., 2004; CARDER et al., dominant cell size are a consequence of differemces
1989). The spectral slope for fulvic acid tendsb& nutrient availability among water masses (YENTSCH,;
greater than that for humic acids (CARDER et al.PHINNEY, 1989). As discussed before, Santos and
1989). An inverse relationship betwegp,andS.¢om Sao0 Vicente channels promote an enrichment of the
was observed in all the three classes, in agreemeBantos Bay waters. Moser et al. (2012) showed that
with that described by other authors (e.g. CARDER ehe microphytoplankton community in Santos Bay
al., 1989; TWARDOWSKI et al., 2004, BRICAUD et changes rapidly in response to wind speed and
al.,, 2012). Twardowski; Donaghay (2002) suggestedirection, increase of precipitation or estuarine
that the high values of.4om Observed in oceanic discharges, as well as changes in tides. These
waters could be related to photobleaching processélsctuations allow many species to coexist and a
that result in a shift of CDOM absorption to shorterspecific phytoplankton group may ocassionally
wavelengths, thus increasinGqom Values. Sgom dominate. However, this high diversity appearsde ¢
observed on the inner continental shelf off Santosary strongly with Chl, independently of the study
varied from 0.011 to 0.028 rimwhich is in the same period, and the relationships betwesgp, andChl are
range of values as that obtained by Ciotti; Bricaudairly robust.
(2006) in waters of the continental shelf located The relative importance of non-algal
further north (from 0.008 to 0.028 Ay with no particles (detritus plus inorganic sedimentge) was
direct influence of the Santos estuarine complex. Oone order of magnitude higher in class 3, probdhly
averageS.qomwas 0.019 and 0.017 ninrespectively, to the input of inorganic material from the Santos
for classes 2 and 3, which were similar to thosestuarine channel into Santos bay, while the
obtained by Ciotti; Bricaud (2006) but slightly highe contribution of non-algal particles in the clasgeand
than the common assumed value for CDOM in coast&@ waters for total absorption was lower and eqeival
waters (0.015 nity see BABIN et al., 2003). to that of phytoplankton. The spectral shape of-non
In most of the oceans, CDOM is the majoralgal particles, Sy, resembled that of CDOM
light absorption component competing withabsorption (exponential decay with wavelength), but
phytoplankton (SIEGEL et al., 2002). Keith et al.S4 in the ocean tend to vary little in general
(2002) studied the effects of CDOM for phytoplankton(BRICAUD et al., 1998; BABIN et al., 2003). The
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same was observed here, &g values are generally extending seaward for 10-30 km, between the 20 and
at the lower limits found in coastal waters, indicg 40 m isobaths.

the predominance of organic particles (BUKATA, During March 2006, as seen in the TS
1995). diagram, the surface of the inner continental sival§
dominated by warm waters (> 26°C) of high salin8y (
Optical Water Type Variability Between the two > 33.1) under the more direct influence of TW. Eher
Periods of Time was apparently no contribution of the La Plata astu

o _inthis period. The class 1 waters were observaten
A seasonal variability of the thermohaline gytermost part of the grid, the area occupied byscP

properties of water masses is a characteristiafeatf  \yas fairly reduced and class 3 waters were confioed
the continental shelf off Sdo Paulo state (AIDAR ethe entrance of Santos Bay.

al., 1993, CASTRO et al, 2008; CASTRO; This pattern of water mass dynamics is
MIRANDA, 1998). This seasonality was observed inre|ated to the wind regime. The study region isted

the present study in association with the chanyéise iy the western portion of the anticyclonic subtoapi
optical water classes found in both samplingyyre, associated with the South Atlantic Subtrdpica
campaigns. In October 2005, the inner continentgligh, which presents seasonal oscillations. In semm
shelf was dominated by CW (Fig. 9) with oW east-northeasterly winds prevail in the coastalezon
salinitie_s (S < 34.9, CASTRO FILHO, 1987), drivenpetween 15° and 35°S favoring the approach of the
by continental run-off (CASTRO; MIRANDA, 1998). Brazil Current to the medium and inner shelf. In
Nonetheless, cold and low salinity waters from othewinter, these winds are confined to the 20-25°®, an
sources were also present on the inner shelf dtihiag T is positioned offshore (CASTRO et al., 2006).
winter months. Coastal waters formed under thehe greater incidence of frontal systems in thisoge
influence of Rio de la Plata plume can reach thigharacterized by south-southeasterly winds, results
latitude (~23S) during winter (CAMPOS et al., 1996; \yater mixing events and thermocline disruption.
MOLLER Jr. et al., 2008; PIOLA et al., 2008; Indeed, the ANOVA analyses comparing the
CAST_RO et al., 2008). This process brings suspend%mp“ng periods showedacm as the only
material and CDOM to upper layers, which changesjgnificantly different bio-optical parameter. An
the optical properties of coastal waters, affecting jnverse relationship betwees.qm and salinity was
estimation of chlorophyla by satellite ocean color more robust during October 2005 than in March 2006.
data (PIOLA et al, 2008). ConsequentlChl  pespite the direct comparison between these
concentration in the region under the influencehef  rejationships being challenged by the distinctrii
Rio de la Plata is highly overestimated by satetldé&a  gradients, it seems that the Santos estuarine eampl
(PlOLA et al., 2008; GARCIA et al., 2005; 2006), andp|ume presents high@;:dom for a given Sa“nity than
a relation between salinity and satellite-deri&ul is  does the coastal water under La Plata influencg. (Fi
to be expected, as shown by Piola etal. (2008). ~  11). The slopes of hoth linear regressions are also
Class 1 waters, which are associated withjifferent (-0.077 and -0.121 for October and March,

were absent in October 2005. Class 2 waters OCCUrr%e to the increase in Salinity appears more ietéms

only at 5 stations located in the outermost arethef the plume of the Santos estuarine complex.
sampling grid, near the 50 m isobath, while class 3 The inverse relationship betweeg,,, and
waters occurred at most of the stations samplatan salinity is a common CDOM feature as rivers are
intermediate area and close to Santos Bay. Thuss C|a}mportant sources of CDOM (e.g. D’AS; DIMARCO
3 waters in fact exemplify a complex mixture of$ko et al., 2009; D'AS; MILLER, 2003). The decrease in
from the local estuary with coastal water under L&&pOM that accompanies the increase in salinity is a
Plata influence. . . primary response to the mixing of estuarine waters
These temporal differences in  theyijth the low CDOM open ocean waters (e.g. KEITH
distribution of the classes on the inner and mediurgt g, 2002). However, processes that form orrdest
continental shelf are consistent with Castro et acpoMm also modify it. For instance, CDOM can be
(2008), who showed that the sectors of the contéden produced locally during phytoplankton blooms
shelf on the northern coast of Sdo Paulo stateptes (NELSON et al., 1998; BRICAUD et al., 1981) or be
seasonal dynamic. According to the authors, inevint consumed by bacteria and phytoplankton (CARLSON;
the inner continental shelf, located between thasto DUCKLOW, 1996) or photo-oxidized by solar
and the deep thermal front, is the widest, reacliflg jrradiance (NELSON et al., 1998; BRICAUD et al.,
far out as 40-80 km from the coast, between the 509g1). On large temporal scales in the ocean, both
and 70 m isobaths. During the summer, when thg , “and S, illustrated some of these processes
intrusion of the TW carried by the Brazil Current isregionally (BRICAUD et al., 2012). It is interestitgy
intensified, the inner continental shelf gets na®0  npote the very distinct relationships &gom Versus
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salinity found during both sampling periods, whichCDOM characteristics are due to the distinct origifis
also suggests CDOM as a more reliable descriptor ¢iie water masses. Consequently, CDOM is likely the
the La Plata plume influence. Tlgy, anday,, were principal  optical component  affecting  the
more strongly and linearly correlated in March 2006performances of empirical ocean color algorithmis. A
suggesting covariance of the components, where CDRdrther improved algorithms will be more successful
is produced locally by phytoplankton. The samedme when describing CDOM magnitudes and spectral
correlation was not observed in October 2005behavior than in discriminating between distinct
reinforcing the fact that the presence of the sudee phytoplankton communities.

and dissolved material originates in remote regions Finally, differences in the performance of
The analyses of OC3 performances usmgitu Chl  the global empirical algorithm (OC3) were observed
and the simulated?s MODIS/Aqua bands showed regarding sampling period and water types. It is
unsatisfactory results for October 200%=(.682), suggested that specific algorithms should be used f
while in March 2006, when the influence of CW andthe continental shelf adjacent to Santos Bay, ssch a
consequently of CDOM on the inner continental shelfegionally or seasonally fitted empirical algorithnor
was smallest, there was a clear improvement in theemi-analytical models.

relationship (¥=0.876). In Chl algorithms based on
spectralR ratios, such as the OC3, all blue absorption
optical components present in the surface water wil
result in overestimates of the remote sensing The authors wish to thank the Fundagéo de
algorithms (CARDER et al., 1989). In accordancéAmparo a Pesquisa do Estado de S&o Paulo
with the author, covariance of marine humic anceoth (FAPESP), for the financial support for the
ocean color constituents witlChl (Chl a and institutional project (Proc. Num. 03/09932-1), aiso
pheophytina) is a condition that must be fulfilled for the crew of R.V. Prof. W. Besnard. Melissa Carvalho
waters to be classified as Case 1 and for the glob@lishes also to express her thanks to the Conselho
chlorophyll-a algorithm to be applied to data that areNacional de Pesquisas (CNPq) for their grant.

remotely sensed. This covariance was more evigent i
March 2006 than in October 2005. Therefo@hl
empirical ocean color algorithms are sensitive to
changes in phytoplankton community structure wit®
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