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Abstract: The aim of this study is to describe and understand the seasonal and inter-annual 

physical and biological dynamics of the inner and mid shelves of the Southwestern Buenos 

Aires Province (Argentina). We used chlorophyll-a (chl-a) concentrations and inherent 

optical properties (IOPs), derived from ocean color products between 2002 and 2010, as a 

proxy for the physical and biological parameters of interest. This study focuses on the 

absorption by phytoplankton, aph(443), particulate backscattering, bbp(443), and absorption 

due to dissolved and particulate detrital matter, adg(443), and chl-a derived from a 

multiband quasi-analytical algorithm (QAA). A regionalization based on the coefficient of 

variation and the Census X-11 method were applied to define regions and to analyze the 

inter-annual and seasonal variability of the ocean color parameters, with regards to climate 

OPEN ACCESS 

mailto:gmeperillo@criba.edu.ar
mailto:ofpiccol@criba.edu.ar
mailto:Hubert.Loisel@univ-littoral.fr
mailto:Cedric.Jamet@univ-littoral.fr
mailto:Vincent.Vantrepotte@univ-littoral.fr


Remote Sens. 2015, 7 11822 

 

 

variability. The coastal zone presents the highest values of chl-a with two maxima in 

winter and autumn, while the mid-shelf shows a strong spring chl-a maximum. After 2009, 

all parameters under study shifted their seasonality and their magnitude changed over the 

entire area. In the coastal zone, mean values of aph(443) and bbp(443) increased, while in 

the mid-shelf, chl-a and aph(443) decreased. The observed inter-annual and seasonal 

behavior of the parameters is tightly related to climate variability of the study area. 

Keywords: MODIS-Aqua; inherent optical properties; chlorophyll-a; QAA algorithm; 

coastal zone; El Rincón; climate variability 

 

1. Introduction 

The inner-shelf of the southwestern Buenos Aires Province, usually called “El Rincón” (Figure 1), 

is a highly complex oceanographic and ecological system, characterized by large inputs of continental 

run-offs, locally-generating cells of high-salinity, and winds that dominate the inner-shelf 

dynamics [1,2]. Marrari et al. [3] reported that the availability of adequate food (high presence of 

phytoplankton and zooplankton), suitable thermal and salinity ranges, the presence of marine 

fronts [1,4], and the oceanic circulation that favors a retention mechanism, produce an appropriate 

environment for successful larval fish development. Therefore, the physical and biological 

characteristics of the El Rincón area generate a rich habitat of valuable commercial species, which are 

very important for the local artisanal fisheries [5]. Unfortunately there are not many studies in the area 

about the interaction of the physical-ecological processes, which have become critical for reaching a 

responsible management of the natural resources.  

The existence of a salinity and a thermal front in the study area are generated by bathymetry 

changes and dilution effects, combined with the northern advection of San Matías Gulf waters, 

particularly in winter [2,4] (Figure 1c). These waters are characterized by high salinity values due to 

the dominance of evaporation over the precipitation in the water balance of the Gulf [2]. In addition, 

the whole coastal area is influenced by continental freshwater supplies, mainly through the Negro 

River, which provides 90% of the freshwater entering the system, with maximum discharge in spring 

(1210 m3·s−1) and in winter (1130 m3·s−1). The Colorado River is the second source of freshwater, with 

peak discharge in late spring (215 m3·s−1) [1,6]. The oceanic circulation is characterized by the 

development of an anticlockwise gyre during winter and its dissolution during spring and summer [7] 

(Figure 1c). Cuadrado et al. [8] described the northward propagation of the Colorado River plume, 

from the river mouth to the mouth of the Bahía Blanca Estuary. The river plume has typically high 

suspended matter concentrations and relatively low salinity. The constant winds, prevailing from the 

north and northwest (speeds between 22 and 24 km·h−1), allow a mixing of the water column all year 

around [1].  
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Figure 1. Location of the study area. (a) south of Buenos Aires Province, Argentina;  

(b) Bathymetry map of the study area; (c) scheme of the main physical oceanographic 

processes in the study area accordingly to[2,4]. 

The environmental complexity of El Rincón is further enhanced by the influence of El Niño Southern 

Oscillation (ENSO), which is regarded as a major influence on the inter-annual climate variability of 

South America [9,10]. The ENSO negative (El Niño) and positive phases (La Niña) were related to 

rainfall and Sea Surface Temperature (SST) anomalies in the main oceanic currents (Brazil and 

Malvinas). Several studies have related, for the Buenos Aires province, the occurrence of extreme wet 

(dry) events with negative (positive) ENSO phases [9–13]. Phytoplankton blooms are the main sign of 

enhancement of the pelagic activity [14], and their occurrence is tightly related to biogeochemical 

fluctuations in sea water, and the variability in the annual recruitment of fishes (e.g., [15,16]). Thus, the 

environmental changes that occur in the sea, linked to ENSO events, could affect phytoplankton 

dynamics and, in consequence, the artisanal fisheries of El Rincón waters.  

Remote sensing has been recently used in order to acquire physical and biological data of the ocean 

system with high spatial and time resolutions. The inherent optical properties (IOPs), retrieved from 

Ocean Color imagery, may provide information about the concentration of the chlorophyll-a, 

sediments and dissolved organic matter at the ocean surface. While the absorption coefficient by 

phytoplankton is driven by the Chl-a concentration and size of phytoplankton cells [17,18], the 

particulate backscattering coefficient, bbp, is driven by the bulk suspended particulate matter 
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concentration, size and chemical nature [19]. The absorption coefficient by colored detrital matter, adg, 

provides information about detrital matter, which is mainly driven by colored dissolved organic matter 

in offshore waters. These three coefficients can be used to classify surface water masses [20], water 

composition assessment [21–25], oceanic primary production [16,26] and, in consequence, timing of the 

seasonal biological cycle of fishes (i.e., [27,28]) and potential fishing zones (i.e., [29–31]). Further, the 

derived products of ocean color imagery are a valuable source of data for ecosystem modeling, which 

provide forecasts of the development of plankton blooms, being useful warnings of harmful algal 

blooms and eutrophication risk (i.e., [31,32]). 

Regarding field estimates of bio-optical parameters in the inner and mid shelves of the south of 

Buenos Aires Province, the information remains null, and the lack of economic resources for 

oceanographic campaigns has become a major shortcoming for research. In this scenario, satellite 

estimations of the inherent optical properties and chlorophyll-a concentration are a valuable tool to 

make an early description of the seasonal and inter-annual physical and biological dynamics of the 

marine environment, in spite of the limitations clearly imposed by the lack of field data. Remote 

sensing techniques have been increasingly used for environmental research in South America. 

However, most studies focused on the temporal variability of chlorophyll-a, with low spatial 

resolution, in the Patagonian shelf [33–35], as well as in the continental shelf region [36–38]. Other 

studies compared in situ and satellite estimates of chlorophyll-a obtaining reasonable results [39–42]. 

Dogliotti et al. [43], based on satellite estimations from the SeaWiFS sensor, evaluated the chl-a 

dynamics in the north-Patagonian coastal zone (over 47°S), and found relatively high values and low 

seasonal variability. The influence of the Colorado and Negro rivers was clearly denoted by higher chl-a 

concentrations all year round. However, given the available information and the bio-optical algorithm 

applied in the study, interferences by suspended sediments and Colored Dissolved Organic Matter 

(CDOM) could not be separated from the signal, and the obtained chl-a values may be biased and 

imprecise [43].  

To study the variability of chl-a and IOPs in our study of interest (Figure 1), we decided to use the 

quasi-analytical Algorithm (QAA) [44]. The QAA is based on the relationship between the  

below-surface remote-sensing reflectance and the IOPs (absorption and backscattering), and uses 

remote-sensing reflectance models derived from the radiative transfer equation [44]. The ocean color 

products we used have been validated in several coastal waters around the globe, showing accurate 

results [45,46] Using in situ data from the Taiwan Strait, Shang et al. [47] studied the performance of 

the quasi-analytical Algorithm (QAA) for the aph coefficient, and concluded that this is a superior 

index to depict phytoplankton abundance on optically complex waters (coastal). Similar results were 

also obtained by Du et al. [48], who used QAA to derive adg from MODIS-Aqua, and compared 

estimations with in situ measurements in coastal waters. Based on their results, they established that 

adg is an appropriate coefficient to estimate CDOM concentrations. The particulate backscattering (bbp) 

coefficient derived from the QAA, has been widely used to estimate the concentrations of suspended 

solids in the ocean surface, and comparisons with in situ data from the Arabian Sea also showed the 

index potential to estimate the size and biogeochemical composition of the suspended material [49]. 

According to this study, the error of estimations is lower at short wavelengths (470 nm), even though 

there is a tendency for overestimation (19%).  
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The simplicity in implementation of the QAA became a key factor for processing large dataset as 

ten years of daily satellite imagery in the study area. Considering the promising results obtained in 

other coastal waters, and aware of the shortcomings imposed by the lack of local in situ measurements, 

we decided to apply QAA to Ocean Color imageries from MODIS-Aqua sensor to derive the IOPs and 

chl-a. Using these products as a proxy of bio-physical parameters would be a first approach to 

illuminate and understand the seasonal and inter-annual dynamics of the El Rincón waters. The aim of 

this work is (i) to determine for the first time the inter-annual and seasonal variability of the inherent 

optical properties (IOPs) and chlorophyll-a, used as a proxy of biogeochemical parameters (suspended 

sediments, CDOM, phytoplankton) obtained from Ocean Color imagery in El Rincón and (ii) to 

understand the spatial and temporal distribution of these parameters, in relation to the geophysical 

setting and the climate variability. 

2. Data and Methods 

2.1. Satellite Data 

Satellite data were obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS) on 

board Aqua. Daily level 1A data at 1 km spatial resolution from 2002 until 2010 were downloaded from 

the Ocean Color web site (http://oceancolor.gsfc.nasa.gov). The subset L1A daily files were processed 

using the SeaDAS software, version 7 [50] to obtain the L2 products. The standard NASA atmospheric 

correction algorithm was applied [51–53]. Numerous studies have shown that this algorithm generally 

provides the best overall performances over optically-complex coastal waters (i.e., [54–57]). 

Chlorophyll-a (Chl-a), absorption due to phytoplankton (aph443), absorption due to dissolved (gelbstoff 

or CDOM) and particulate non-phytoplanktonic (detrital) matter (adg443), and particulate backscatter 

(bbp443) were derived using the quasi-analytical algorithm (QAA) [44]. This algorithm was chosen for 

its simple implementation on large datasets, and also for the good performance reported in other coastal 

areas. A detailed explanation of the algorithm is found in Lee et al. [44]. We additionally used the SST 

product downloaded from the Ocean Color web site as well. The SST is retrieved from the infrared bands 

of the MODIS-Aqua sensor using the non-linear sea-surface temperature (NLSST) algorithm [58]. 

Finally, L3 monthly products were processed from the daily L2 (1 km) products, using arithmetic 

averaging as recommended in [59,60] in MERCATOR projection. 

2.2. Regionalization 

A regionalization was performed to define regions that are similar in terms of temporal behaviour. To 

address the spatio-temporal variations of the IOPs and chl-a, we used the monthly L3 MODIS-Aqua 

composite between 2002 and 2010 and the variability coefficient (i.e., standard deviation/mean) for 

Chl-a, SST, bbp(443), adg(443) and aph(443). Based on these latter values, and the physically- and 

biologically-known characteristics of the area, three main regions were determined: the coastal zone, 

inner-shelf zone, and mid-shelf zone. 

Since the study area encloses diverse ecological systems which are influenced by different physical 

forcing, sub-areas of interest were determined inside each zone to understand the behavior of the El 
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Rincon dynamics. Two coastal regions of interest were considered: (1A) East of Bahia Blanca estuary, 

(1B) North of Colorado River discharge, (2A) The inner shelf, and (3A) The mid shelf. 

2.3. Climate Variability  

In order to determine the influence of the El Niño Southern Oscillation (ENSO) on the study area, in 

situ precipitation data, river discharges, and the Oceanic Niño Index (ONI) were compared to the IOPs 

and chl-a. Annual precipitation data were provided by the Instituto Nacional de Tecnología Agropecuaria 

(INTA) and the Centro de Recursos Naturales Renovables de la Zona Semiárida (CERZOS). Records 

covered the continental coastal zone of the study area (northeast, center and southwest region) for the 

period 2002–2010 (Figure 2). Annual discharges of the Colorado and Negro River were provided by the 

Cooperación de Fomento del Valle Bonaerense del Río Colorado (CORFO) and the Autoridad 

Interjuridiccional de las Cuencas de los Ríos Limay, Neuquén y Negro (AIC), respectively (Figure 2). 

ONI values were downloaded from the Climate Prediction Center webpage of the National Oceanic and 

Atmospheric Administration (NOAA) (http://www.cpc.ncep.noaa.gov). The index is calculated from the 

sea surface temperature (SST) anomalies as the three months running average in the region Niño 3.4 

(Equatorial Pacific). When the anomaly is positive (>0.5 °C) a warm (El Niño) event occurs and when it 

is negative (<0.5 °C) a cold (La Niña) event occurs. The intensity of the events is defined by the 

magnitude of the anomaly; thus, weak events occur when the SST anomaly is between 0.5 and 0.9 °C; 

moderate events between 1 and 1.4 °C; and strong events are those which overcome 1.5 °C. 

 

Figure 2. Location of the in situ stations of precipitation and river discharges in the study area. 

2.4. Statistical Analysis 

The L3 monthly products of the IOPs (aph(443), bbp(443), and adg(443)) and chl-a, as well as the 

monthly physical climate variability parameters (precipitations, river discharges) for the period August 
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2002–December 2010 were analyzed in order to define their spatial and seasonal climatology behavior in 

the study area. The monthly time series were decomposed using the Census X-11 method [61], whose 

application to time-series analysis of satellite ocean color data has been extensively documented [62–64]. 

The statistical analysis is conducted at the level of each grid point, considering the spatial variations in 

the temporal coverage of the data record [64]. The missing data, due to the absence of satellite cover, are 

filled with the eigenvector filtering method that is based on the use of orthogonal components, and thus 

reflects the main temporal patterns of the original data [64,65]. 

Census X-11 method is based on an iterative bandpass filtering procedure that allows for the 

definition of a non-periodical seasonal term, in order to specifically assess the year to year variation in 

the time series seasonality (in terms of period and amplitude). The relative part of the variance of the 

components is estimated for each grid point, to identify the spatial patterns of the temporal variability 

in the series. This method aims at decomposing a time series X(t) (here monthly L3 products) into 

three additive components: 

[X(t)=S(t)+T(t)+I(t)] (1) 

where S is the seasonal signal, T the trend cycle signal and I the irregular or residual signal [62,66]. 

The detailed Census X-11 applied to ocean color images is documented in Vantrepotte and Mélin [63]. 

Three successive steps are applied: (1) an estimation of the trend-cycle component is obtained from the 

annual-centered running average, and a seasonal running mean is applied to the trend series to acquire 

the seasonal component. Then, the series are normalized by subtracting the annual-centered running 

mean; (2) the revised estimates are obtained, applying a Henderson filter of weight to the seasonal 

adjusted series (X(t)−S(t)); and (3) final estimates of the trend and irregular components are calculated, 

repeating the application of the seasonal running mean and the Henderson filter on the revised trend-

adjusted series. 

In addition, the presence of significant monotonic long-term change in the time series was evaluated 

using the non-parametric seasonal Kendall statistics. The test relies on the computation of a suite of 

Mann-Kendall statistics applied monthly which finally is combined to detect the presence of long term 

monotonic changes in the original time series [64]. The amplitude of the changes was assessed using 

the non-parametric Sen’s slope estimator expressed in % yr−1 [65,67].  

3. Results  

3.1. Spatial Distribution of Chl-a and IOP’s  

The regionalization adopted in the present study, and based on the spatial patterns of the variation 

coefficient, exhibits three distinct provinces (Figure 3). The coastal zone (Zone 1) extends as a fringe 

along the coastal Buenos Aires Province, with its outer limit close to the isobath of 15 m. The area has 

low coefficients of variation for all parameters (15% in chl-a, 35% in aph(443), 30% in bbp(443), and 

25% in adg(443)), and also the highest mean values (Figure 4). Zone 2 is the inner-shelf, a transitional 

zone between the coastal zone and the mid-shelf, with high coefficient of variation for bbp(443) (75%), 

aph(443) (70%), and adg(443) (70%) (Figure 3). Zone 3 is the mid-shelf where chl-a, aph(443) and 

adg(443) present the highest temporal variability (75% approximately).  
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Figure 3. Variability coefficient of the parameters in the study area. (a) aph(443); (b) chl-a; 

(c) bbp(443); (d) adg(443); (e) SST; and (f) regionalization map and selected ‘regions of 

interest’ for temporal analysis.  
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Figure 4. Climatology of the IOPs in the study area. (a) Mean values; (b) coefficient of variation. 

The bio-optical parameters for zones 2 (inner-shelf) and 3 (mid-shelf) are very similar in terms of 

mean values (Figure 4). Some differences are, however, noticeable in the coefficients of variability, 

especially for bbp(443), which is two times higher in zone 2 than in zone 3, and for chl-a, which is 

much more variable in zone 3 than in zone 2. The average seasonal behavior of these parameters 

presents differences depending on the area (Figure 5). In zones 1 and 2 aph(443), bbp(443), and adg(443) 

showed the highest values in autumn and winter, and the lowest values in summer, with a noticeable 

difference on the mean values between the coastal zone and the inner- and mid-shelf (Figure 5). 

During spring, Zone 3 showed the highest values of chl-a and aph(443), possibly related to a higher 

phytoplankton biomass, but also adg(443), which may indicate higher concentrations of CDOM and 

non-pigmented particles. For all these parameters, minimum values were observed in late summer. In 

this area, mean values of bbp(443) does not present significant seasonal variations. 
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Figure 5. Climatology of the bio-optical parameters in the (a) coastal zone; (b) the  

inner-shelf, and (c) the mid-shelf. 



Remote Sens. 2015, 7 11831 

 

 

3.2. Description of the Temporal Patterns of the Bio-Optical Parameters in the Rsegions 

3.2.1. General Seasonal and Trend Terms 

Figure 6 presents the spatial distribution of the relative contribution of the variance associated with 

the Census X-11 seasonal (
2

Sp ) and trend (
2

Tp ) cycle terms to the total variance of the products. The 

significant long-term monotonic changes over the 10 years period are expressed in % yr−1. Over most 

of the region and for most parameters the temporal variability is mainly dominated by the seasonal 

term S with 
2

Sp  representing up to 60% of the overall variance (Figure 6). 

aph(443) and chl-a showed a dominant seasonal signal in the frontal area between the inner- and 

mid-shelf waters (
2

Sp  > 75%); meanwhile on the frontal area between zone 1 and 2 the trend term  

(
2

Tp  > 65%) is the dominant source of temporal variability (Figure 6). aph(443) showed a strong 

positive monotonic trend in the entire coastal and inner-shelf zones (> 5% yr−1). Chl-a also presented a 

positive linear trend between zone 1 and 2 from the Claromecó basin up to San Blas Bay (+3% yr−1). 

On the contrary, a negative monotonic tendency was observed through the east of the inner-shelf and 

in the mid-shelf (−3% to −5% yr−1, respectively). 

For adg(443), the seasonal term (S variance) prevailed in zone 1 and 3 (
2

Sp  60–80%), meanwhile in 

the inner-shelf the trend term (T variance) was more important (
2

Tp  > 50%) (Figure 6). A negative 

adg(443) monotonic trend was detected in the entire study area, increasing from the coast to the  

mid-shelf (−3% to −5% yr−1). bbp(443) seasonal component prevailed over the coastal zone, inner and 

mid shelf (
2

Sp 60–80%), though in the frontal areas (between zone 1 and 2 and zone 2 and 3) the trend 

signal was dominant (
2

Tp 40–60%) (Figure 6). The bbp(443) monotonic trend was positive in the frontal 

area between zone 1 and 2, showing the highest values in front of Anegada bay and from the mouth of 

the Bahía Blanca Estuary up to the Claromecó basin (>5% yr−1). In contrast, most of the shelf region 

exhibits a negative tendency of −3% yr−1. 

3.2.2. Patterns within Regions of Interest and Trend Shape 

As mentioned above, since the study area is diverse and is a highly-complex natural system, 

different sub-regions were examined to analyze the temporal variability of the bio-optical parameters. 

The region’s choice was based on the relevant signals detected, and also to emphasize the 

environmental variables affecting the biological processes on the diverse ecosystem of the Buenos 

Aires southern shelf. There were determined two regions in the coastal zone (1A and 1B), one in the 

inner shelf (2A), and one in the mid-shelf (3A) (Figure 3f). 

(1) Coastal Zone 

In region 1A (east of the mouth of Bahía Blanca Estuary) the seasonal trend was the dominant 

signal for all the parameters (
2

Sp  > 75%)  (Figure 6). aph(443) and bbp(443) showed, between 2002 and 

2009, two strong maxima in winter and autumn, and a third one in spring. After 2009 the amplitude of 
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aph(443) S term substantially increased (20%), and the seasonality changed to a very strong maximum 

in winter and two less important peaks in autumn and spring (Figure 7a).  
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Figure 6. Seasonal Relative contribution of the total variance of the IOPs signal. In the left 

column is represented the seasonal component 
2( )Sp and the right column the trend 

component 
2( )Tp  of the Census X-11 temporal decomposition analysis (in %). 

 

Figure 7. X-11 terms statistics of aph(443), bbp(443), adg(443), and chl-a in the zone of 

interest 1A. (a) S(t) (seasonal term); (b) T(t) trend term. 

Chl-a S term presented high amplitude during all of the periods, with a strong maximum in late 

autumn-winter followed by a small one in spring. The amplitude of the signal became weaker in  

2009–2010, though the seasonality did not change. Similarly, adg(443) showed a pronounced S term 

amplitude for the period 2002–2008, with maximum values in winter followed by a very small peak in 

spring. During the period 2009–2010 the amplitude of the signal decreased (−50%) and seasonality 

shifted to a signal without an observed seasonal maxima. 

The relative contribution of the trend term was not significant for any of the parameters in this 

region (Figure 7b). bbp(443) and aph(443) presented a decrease of the mean values of about 60% in 

2004 and maxima in 2009. adg(443) showed a decrease in 2010. 

In zone 1B (north of Colorado River discharge), all parameters showed, between 2002–2008, 

relatively low seasonal amplitude, with maxima mainly occurring in late-spring/early-summer and 

autumn; meanwhile, minimum values were observed in late-winter (Figures 1, 3 and 8a). The years 

presenting a minimum for aph(443) and chl-a were found in 2005 and 2008 (Figure 8b). The increase 

of the trend term observed from 2009 (>50%) is associated with an increase of the amplitude of the 

seasonal fluctuations. In addition, seasonality changed with maximum values observed in winter, 

followed by a weaker autumn maximum. The highest peak of bbp(443) T(t) signal was found in  

2002–2003 related to high seasonal amplitude (S(t)). The period 2005–2009 presents a variable signal, 

in concordance with the aph(443) and chl-a, with a peak in 2009. The seasonal signal became stronger 
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for all of them in 2009–2010, having the maxima in winter, followed by a smaller peak in late-

summer/autumn. Even though the adg(443) trend term did not have as much variability as the other 

parameters, the mean values followed the behavior of the other ones. 

 

Figure 8. X-11 terms statistics of aph(443), bbp(443), adg(443), and chl-a in the zone of 

interest 1B. (a) S(t) (seasonal term); (b) T(t) trend term. 

(2) Inner Shelf 

The inner shelf (zone 2A) parameters showed a variable behavior, as expected as it is a transitional 

zone between the coastal and mid-shelf waters (Figure 1-3). The seasonal signal prevailed over the 

trend cycle signal for bbp(443) and chl-a (60%–70%); meanwhile, the temporal variance of aph(443) 

and adg(443) products were both equally explained by the T(t) and S(t) signals (Figure 6). bbp(443) 

seasonality was determined by maximum values in winter and in autumn. The amplitude of the signal 

was 80% higher in 2002–2003 coincidently with the maxima peak of the T(t) trend. Chl-a highest 

values were mainly detected in late autumn and winter with slightly higher amplitude in 2002–2003 

and 2009–2010 (Figure 9a). 

aph(443) seasonal signal was not clearly defined until 2009 when it shifted from having several 

minor peaks during the year, to a strong winter maximum with a S signal amplitude 20% higher 

(Figure 9a). The trend term cycle of adg(443) presented a steep peak of almost 100% in 2003, even 

though an increment on the S signal was not observed. A steady decay of the trend cycle signal from 

2008 was detected, which caused the already mentioned negative tendency of the monotonic trend 

(−3% yr−1) (Figure 9b). 
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Figure 9. X-11 terms statistics of aph(443), bbp(443), adg(443), and chl-a in the zone of 

interest 2A. (a) S(t) (seasonal term); (b) T(t) trend term. 

(3) Mid-Shelf 

The temporal variability of the parameters in the mid-shelf (zone 3A) was clearly dominated by the 

seasonal signal (60%–80%), being the most intense of the whole area (Figure 6). aph(443), adg(443) and 

chl-a presented up to 2008 a strong maximum in spring, followed by a smaller one in autumn or winter, 

depending on the year (Figure 10a). From 2009, a change in the seasonal signal was observed for all 

parameters, from a strong peak in spring to almost no peak in the whole year. Those three variables were 

in phase through all the period, showing a strong maximum in chl-a, adg(443), and aph(443) in 2003 

(Figure 10b). After this maximum there was a decreasing tendency up to 2005, reaching the minimum 

for this latter year. From 2005 till 2008, aph(443) showed a positive trend tendency and from 2009 there 

was decay in the aph(443), adg(443), and chl-a values. bbp(443) trend term variability was not significant, 

though it presented a strong seasonality between 2002–2005 with maximum values in late-spring and 

summer. From 2005 till 2010 the amplitude of the signal has decreased.  
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Figure 10. X-11 terms statistics of aph(443), bbp(443), adg(443) and chl-a in the zone of 

interest 3A. (a) S(t) (seasonal term); (b) T(t) trend term. 

3.3. Inter-Annual Variability of Precipitations and Discharge of the Main Rivers Linked to  

Enso Events 

Air temperature, wind speed and direction, precipitations, and river discharges of Colorado and 

Negro rivers’ inter-annual variability had been analyzed with regards to El Niño Southern Oscillation 

phenomenon between 2002 and 2010 [68]. As expected, the only parameters which seem to have 

significant inter-annual variations and a linkage with ENSO events were the precipitations and the 

discharge of the rivers. Thus, these parameters were considered for this study.  

Maximum precipitations in the Northeast station were registered in 2002 and 2003 (Figure 2), with 

records 80 and 40% higher than the mean values respectively; meanwhile, in 2005–2006, and in  

2008–2009, the precipitation presented a considerable decay (<20%), with minimum rainfall amounts 

(Figure 11a). Census X-11 analysis indicates high variability in the trend term, with maximum values 

in 2002, 2003, and 2006, and minimum values between 2007 and 2009. The seasonal term showed that 

rainfall mainly occurred in autumn and spring. Center station presented maximum precipitations in 

2002 and 2004, with values up to 55% higher than the mean annual precipitation (Figure 11b). From 

2005, the total precipitation decayed reaching the minimum amounts in 2008 (<50%). The seasonal 

term had high amplitude between 2002 and 2005, with precipitations occurring mainly in autumn. 

From 2006, the amplitude of the signal decreased and the rain occurred in summer or early autumn. In 
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Southwest station maximum precipitations were observed in 2004 and minimum precipitations in 2007 

until 2009, with values up to 50% lower than the mean values (Figure 11c).  

 

Figure 11. Precipitation variability between 2002 and 2010. The left column is for the total 

annual precipitation (in situ) (red line) and the mean historical precipitation (dashed line). 

Right column stands for the Census X-11 statistics and the ONI. (a) Northeast station;  

(b) Center station; and (c) Southwest station. 

The Colorado and Negro rivers discharges presented high inter-annual variability (Figure 12). In 

2003 there was an increase of 54% and 100% in the discharge of both rivers, respectively. The 

Colorado River values also increased in 2006 and 2007 compared to the mean values. On the contrary, 

for the period 2007–2009, the Negro River annual discharges were considerably lower (30%–55%), 

meanwhile the Colorado River presented, for the period 2008–2009, 65% less discharge. The Colorado 

River S(t) term indicated that, for the period 2002–2005, the maxima were in spring, though from 2006 

maximum discharges were registered in autumn. It is worth highlighting a decay in the amplitude of 

the signal in 2007–2008. Negro River discharge suffered a change in the seasonality as the maximum 
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was in summer between 2002 and 2005, in spring between 2006 and 2007 and, finally, in winter 

after 2008. 

 

Figure 12. Main river causal variability between 2002 and 2010. The left column is for the 

total annual discharge (in situ) (grey bars) and the mean historical discharge (dashed line). 

Right column stands for the Census X-11 statistics and the ONI. (a) Colorado River; and 

(b) Negro River. 

As mentioned before, the climate variability of the Buenos Aires Province is not only explained by 

the Southern Oscillation, though it has a significant influence on precipitations and main rivers 

discharge. The El Niño (EN) (2002–2003) and La Niña (LN) (2007–2008) moderate events (ONI 1.3 

and −1.5, respectively) clearly affect the rainfall and main river inputs on the studied area, with 

maximum records of rain and discharges in 2002 and minimum in 2008 (Figure 11–12). The strong 

events EN 2009 (ONI 1.6) and LN 2010 (ONI −1.6) produced also an increase and decrease of the 

precipitations and discharge of the rivers, respectively. Conversely, weak events (EN 2004, LN 2006, 

and EL 2006) seem to have no direct impact on the precipitations and river inter-annual variability 

over the study area. 

4. Discussion 

The regionalization based on the coefficient of variability and the previous knowledge of the area 

determined three regions. The zone 1 representing the near-coastal zone with high values of 

chlorophyll-a concentration and absorption of phytoplankton (chl-a: 2.6 mg·m−3; aph(443): 1.9 m−1), 

suggesting that high biomass of phytoplankton is present all year round, with low coefficients of 

variation. In this frame, it is important to mention that chl-a estimates in the coastal zone could be 
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influenced by the high scattering of particulate material. This area is characterized by a shallow slope 

of the bottom, reaching 15 m depth at 80 km from the coast line [2], which is responsible for the SST 

high seasonal amplitude, ranging from 23 °C (summer) to 7 °C (winter), with a maximum year 

amplitude of 15 °C [69]. The coastal zone is highly influenced by the discharge of the rivers, mainly 

the Negro and Colorado and the plume of the Bahía Blanca Estuary. The rivers of the area provide 

fresh water, sediments, and nutrients to the system. Colorado River plays also a main role in sediment 

contribution, providing plumes of high suspended matter concentration up to the mouth of Bahía 

Blanca Estuary [8]. Though the general mean values observed in the coastal zone indicated that the 

maximum phytoplankton biomass would be in autumn and winter and that they are driven by the 

factors mentioned above, some differences between the areas of interest were found.  

Zone 1A is mainly influenced by presence of the water plume coming from the Bahía Blanca 

Estuary (west) during all the year and could be the reason for the high values of all parameters. It is 

characterized by very warm summer and very cold winter, and high concentrations of suspended 

matter and nutrients all the year round [70]. SST is thought to be the main driver of the phytoplankton 

seasonal behavior. In this region maximum estimates of aph(443) and chl-a were found in winter or late 

autumn and minimum in summer, in agreement with the dominant seasonal factor of the temperature 

variability (SST = 8 °C, 10 °C, 22 °C, respectively [69]). There could be an error in the satellite 

estimation of suspended sediment, since maximum values of bbp(443) were observed in winter and 

autumn. On the contrary, it is expected that the turbidity reaches maximum values in spring and 

summer, when stronger winds blow and maximum significant wave heights are found, producing 

resuspension and, consequently, an increase of suspended particulate matter (SPM) [71]. Furthermore, 

in the Bahía Blanca Estuary, maximum (minimum) SPM concentrations were observed during spring 

(winter) [72], which is expected to influence zone 1A.  

In zone 1B the seasonality of the bio-optical parameters is tightly linked with the discharge of the 

Negro River. Maximum values of aph(443), chl-a, and adg(443) were observed in late-spring/early 

summer, as well as in autumn, corresponding to the time of the maximum discharges of the main 

rivers. Accordingly with our study, Garibotti et al. [73] have observed, from in situ data, that the 

maximum of the Negro River discharge is related with the maximum phytoplankton abundance in the 

Anegada Bay. Furthermore, the change in 2009 of the seasonal distribution of the parameters is in 

agreement with the shift of the periodicity of the Negro River, i.e., maximum discharge and estimates 

of aph(443), chl-a were observed in winter, instead of summer and autumn.  

The entire coastal zone presented seasonality changes from 2009 as well as an increase in the mean 

values of the IOPs between 20% and 50%, depending of the zone. Phytoplankton is very sensitive to 

environmental changes, and shifts in cyclical behavior are reported to occur because of changes (such as 

ENSO events), that modify the climate and meteorological forces, at short and long time scales [74]. The 

decrease of rainfall in 2007–2008 (La Niña) generated a reduction in the freshwater and nutrients 

inputs and also an increase in the salinity, which could possibly cause deep changes in phytoplankton 

community composition [75,76]. This drought produced intense soil losses in the south of Buenos 

Aires Province, and increases of suspended sediments in the air were reported [77], as well as a strong 

dust advection from northern Patagonia in 2009 [78]. During that year, Northern Patagonia became 

one of the most worldwide active dust sources, as a result of poor livestock management and drought 

conditions [79,80]. The combination of diminution of freshwater inputs, which are source of fresh 
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water and nutrients and the turbidity variability which influence the light availability, could be the 

origin of the changes in the optical and physical characteristics of the water affecting, in turn, 

phytoplankton ecology and the associated bio-optical properties. 

The transitional area between zone 1 and 2 overlaps with a coastal front produced by changes in 

bathymetry and dilution effects [5]. Frontal regions are known for the physicochemical discontinuities that 

are favorable for the development and survival of nekton larvae. These zones also perform as retention 

areas, enhancing concentration and production of phytoplankton and zooplankton organisms [81]. The 

positive bbp(443) linear tendency observed in the frontal area is mainly due to the peak of 2009–2010, 

which could be associated to the possible aeolian dust deposition described before. Interestingly, bbp(443) 

and Chl-a trends presented the same spatial patterns, which may be due to (i) a fertilization effect caused by 

nutrient inputs by the presence of an increase concentration of suspended sediment and (ii) to an  

over-estimation of Chl-a due to the presence of highly-scattering material in the water [82].  

In zone 2 (inner-shelf) a variable behavior of every parameter is observed. This area is transitional 

between the very coastal diluted mixed waters and the stratified mid-shelf waters. This region presents 

the highest variability in terms of bbp(443), which could be explained by a very variable pool of 

particles, and/or by complex physical and biogeochemical processes driving the dynamics of 

suspended marine particles. Lucas et al. [2] reported that the El Rincón system varies between 

10,000 km2 (autumn-winter) and 15,000 km2 (spring-summer), since it is highly influenced by the 

dynamics of the main rivers (Negro and Colorado rivers), and during two different La Niña events the 

spring area only covered 5000 km2. During 2002–2003, when the maximum rivers discharge was 

observed, the parameters of the inner shelf presented a similar seasonal behavior of the coastal zone 

1B. It is also suggested that the adg(443) maximum in 2003 could be related to the extraordinary 

phytoplankton bloom observed in the mid-shelf [83]. Even if the seasonality of the parameters was not 

clearly defined, the maxima generally occurred in autumn-winter, which might be influenced by the 

warm and saline San Matías Gulf waters during this season. Similarly to the coastal zone, from 2009, 

an increase in the seasonal signal was detected with a strong winter maximum. 

The limit between zone 2 and zone 3 remarkably corresponds with the position of the thermal front 

described in Romero et al. [34]. The mid-shelf region (3A) presented a seasonal signal characterized 

by high absorption values in spring, and minimum values in summer, probably related to the 

phytoplankton bloom dynamics described by in [34]. These authors associated the spring mid-shelf 

bloom of El Rincón, to the mid-shelf temperature front that separates coastal to seasonal stratified shelf 

waters which becomes stronger in spring.  

In the mid-shelf, aph(443), chl-a, and adg(443) were in phase through all the period, showing a 

strong maximum, in 2003. This maximum was explained by Signorini et al. [83] and Piola et al. [84], 

who documented that, in November 2003, there was an intrusion of the Malvinas current inside the  

mid-shelf, between 41°S and 42°S, generating a low temperature and high salinity anomaly. This 

inshore intrusion produced a peak in phytoplankton growth with chlorophyll-a values higher than 

3 mg·m−3, and in some cases over 25 mg·m−3. The physical reasons for these intrusions are still yet 

unknown, but they are not permanent [84].  

In mid-shelf waters there was also a change of seasonality in 2009, presenting an evident decrease of 

the seasonal trend amplitude. ENSO events produce alterations in main frontal forces such as wind and 

run-off configurations [85]. In this sense, the alteration of the river discharges that diminished the input 
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of fresh water to the system could change the hydrological balance, weakening the intensity of the  

mid-shelf front, since the inner-shelf waters became saltier, reassembling as the mid-shelf waters. As a 

consequence, the characteristic spring enhanced marine productivity of the mid-shelf front declined.  

5. Conclusions  

In the present study for the first time the inherent optical properties and chlorophyll-a provided by 

MODIS-Aqua have been used as proxies of the physical-biological dynamics in the inner-mid shelves 

of the south of Buenos Aires Province, Argentina. Despite the lack of in situ measurements validating 

the IOPs and chl-a estimates, the results found in this paper are in concordance with the not so 

abundant in situ studies settled in the study area. This research is unique as it presents the marine  

bio-physical characteristics of the complex study area, its temporal variability and their relationship 

with continental and atmospheric processes, which were unknown until now. The results presented in 

this paper are a useful basis for future studies concerning marine environmental variables.  

Clearly, two mainly different physical and biological behaviors are observed: the coastal and mid-

shelf waters. The coastal zone presented winter and autumn maxima of the estimated parameters, 

driven mainly by SST and the Negro River seasonal cycle. The inner-shelf is a transitional zone which, 

depending on climate variability and extraordinary events on mid-shelf waters, has a behavior similar 

to the coastal or to the stratified waters. The mid-shelf waters IOPs and chl-a dynamics are 

characterized by a high chl-a and aph values in spring, possibly caused by the presence of the thermal 

front that separates coastal to seasonal stratified shelf waters which becomes stronger in that season. 

The linkage between the climate variability and the IOPs as proxies of the biological and physical 

parameters of the region is remarkable. The strong drought produced by La Niña event in 2007–2009 

had a huge impact on the distribution of the parameters in the entire area, since changes in seasonality 

and a steep increase in annual concentrations had been observed. The climate variability is one of the 

main factors to consider when understanding long term evolution of the marine system of the study 

area. Furthermore, special attention should be given to the influence of ENSO, since its magnitude has 

increased in the last decades and global warming will lead to more extreme events (i.e., [86,87]).  
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