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Abstract

This study examines the spatio-temporal variability of the turbidity plume and phytoplankton biomass (in terms of chloro-
phyll) in the marine region influenced by the Guadalquivir estuary using ocean colour images over a period of 11 years (2003-
2013). The area of the turbidity plume was calculated using water-leaving radiance at 555 nm (nLw555). Climatologic and month-
ly averages showed recurrent high nLw555 levels in winter and high chlorophyll in spring. Similar variability was confirmed by 
Empirical Orthogonal Function (EOF) analysis of 8-day composite images, illustrating the existence of different regions with 
similar behaviour. The first EOF mode explained 60.7% and 31% of the variability in nLw555 and chlorophyll, respectively, and 
was associated with enhanced Total Suspended Solids (TSS) in autumn-winter and phytoplankton blooms in winter-spring periods. 
The results confirmed that the development of the turbidity plume and subsequent phytoplankton blooms were strongly regulated 
by river discharges and precipitation. Indeed, inter-annual variation in nLw555 was consistent with changes in the large-scale 
climate index, the North Atlantic Oscillation, a proxy for regional rainfall patterns. In the case of phytoplankton biomass, the 
second EOF mode revealed differentiation between offshore and near shore areas, the latter characterized by delayed development 
of phytoplankton blooms due to light limitation by high TSS. This suggests that the stability of the water column, via its influence 
on phytoplankton light-limitation, also influenced the timing and magnitude of phytoplankton bloom events. The dynamics of the 
Guadalquivir estuary turbidity plume is a crucial factor for the pelagic ecosystem of the Eastern Gulf of Cadiz, governing phyto-
plankton productivity.  
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Introduction

The Guadalquivir river is one of the largest rivers in 
Spain with a total length of 680 km and a drainage basin 
of 63822 km2 (Granado-Lorencio, 1991). Located on the 
South-western coast of the Iberian Peninsula, the last 110 
km of the river is the Guadalquivir estuary (Fig. 1), with 
a width of 800 m near its mouth, 150 m at the head, and 
a mean depth of 7.1 m. The estuary is a well-mixed me-
sotidal system with a longitudinal salinity gradient (Van-
ney, 1970), a semidiurnal tidal period and maximum tidal 
range of 3.5 m during spring tides (Díez-Minguito et al., 
2012). Tidal influence extends up the Guadalquivir as far 
as the Alcala del Rio dam, 110 km upstream from the riv-
er mouth at Sanlucar de Barrameda (Fig. 1). The original 
transport of material from the river basin has been drasti-
cally diminished by the construction of numerous reser-
voirs (the actual number of dams is 55). Annual discharg-
es from Alcala del Rio dam have been strongly altered 
since the 1970s, in conjunction with the development 
of intensive agriculture and increased water demands. 
Terrestrial contributions to the estuary have decreased 

by about 60%, from 158.55 m3/s (1931–1981) to 63.42 
m3/s (1981–2000) (Navarro et al., 2012b). Discharges 
from Alcala del Rio dam represent approximately 80% 
of the estuary’s freshwater supply. The substantial flu-
vial inputs associated with the discharge of Guadalquivir 
and also major rivers such as Guadalete, Guadiana and 
Tinto-Odiel are the main supply of the continental shelf 
of the Gulf of Cádiz (about 50 km wide from the East 
of Cape Santa Maria to the West of the Bay of Cadiz). 
The outer estuary and its coastal fringe are characterized 
by large loads of suspended matter resulting in high tur-
bidity levels (Navarro et al., 2012b) and high biological 
productivity (Navarro & Ruiz, 2006; Prieto et al., 2009). 
This estuarine environment is ecologically and socio-ec-
onomically important, resulting in high levels of pressure 
from numerous stakeholders (Bhat & Blomquist, 2004; 
Ruiz et al., 2014). In addition, the Gulf of Cadiz region 
is characterized by strong seasonality and important syn-
optic weather events (Prieto et al., 2009), which largely 
control chlorophyll concentrations and suspended mate-
rial. Hence, there is a need for comprehensive studies on 
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the natural functioning of the region so as to allow as-
sessment of the potential consequences of anthropogenic 
actions. Enhancing knowledge about the factors influenc-
ing plume and bloom dynamics is important for coastal 
decision-makers, who are responsible for the challenging 
short-term management and long-term policy decisions 
to protect water quality and human health.

Estuarine plumes in coastal regions are significantly 
influenced by land-derived discharge emanating from 
an estuary (Morris et al.,1995). As a result, the turbid-
ity plume may be biogeochemically characterized by 
the significantly inorganic nutrients and dissolved trace 
heavy metal enrichment compared with offshore wa-
ters (Mendiguchía et al., 2007). At the same time, sedi-
ment load and other substances from the rivers diminish 
light transmittance in the sea. Chemical transport and 
biogeochemical interactions within these areas may be 
key factors in several important processes, including 
phytoplankton production, eutrophication and global 
geochemical cycling. Estuarine plume region is usually 
located in the lower reaches of an estuary, where condi-
tions are favourable for phytoplankton growth, resulting 
in enhanced biological activity. As a consequence, chlo-
rophyll blooms in estuarine plumes (impacting adjacent 
coastal areas) can be potentially higher than in nearby 
ocean regions (Pennock, 1985). However, in turbid en-
vironments, light availability plays a fundamental role 
as the energy source for phytoplankton growth (Cloern, 
1987), and it also influences phytoplankton community 
structure and algal competition (Reynolds, 1998). 

Furthermore, water clarity or transparency is important 
for the functioning of estuarine and coastal ecosystems; 
directly influencing primary productivity and acting as an 
indicator of nutrient loading and sediment dynamics (Ruiz 
et al., 2013). Three main types of material are responsible 
for the colour and transparency of the water: phytoplank-
ton and suspended particles related to algal activity, non-
algal suspended solids (Total Suspended Solids, TSS), and 
humic substances (Coloured Dissolved Organic Matter, 
CDOM). Sources of TSS include terrestrial inputs from 
river basins and anthropogenic discharges, such as indus-
trial or urban effluents, fringing estuarine habitats, such as 
salt marshes, and resuspension of sediments. Often, these 
inputs are enriched with organic matter and nutrients (or-
ganic and inorganic), and depending on their source, may 
include potentially toxic compounds, such as heavy metals 
and pharmaceuticals (González-Mazo et al.,1998; Kidd et 
al., 2007; Mendiguchía et al., 2007). Hence, tracing the 
dynamics of river-estuary plumes within coastal zones can 
also assist in understanding the effects of a range of other 
potential stressors. 

Integrated management of transitional and coastal 
waters is a priority, e.g. to comply with the EU water 
framework directive (WFD); however cost-effective 
methods to monitor water quality at large synoptic scales 
are lacking. Tools that can provide recurrent, widespread, 

and consistent observations, allowing the detection of 
changes in water conditions are sorely needed. Frequent 
synoptic information on suspended matter and chloro-
phyll is difficult to obtain using in situ monitoring net-
works, since the spatial distribution of suspended matter 
(such as chlorophyll) is highly heterogeneous. Further-
more, standard monitoring programs can be costly and 
time-consuming. As a consequence, sparse spatial and 
temporal data resolution is obtained, without guarantee-
ing a representative coverage of the variability in com-
plex heterogeneous environments such as coastal waters 
and estuaries. During the past two decades, there have 
been significant advances in the development of satel-
lite-borne sensors that can provide synoptic views of en-
vironmental parameters in coastal zones. Ocean colour 
remote sensing is now recognized as a suitable and cost-
effective technique for the large-scale control of coastal 
water quality, based on optically active water character-
istics. The collection and interpretation of earth observa-
tion imagery from optical sensors provides a unique set 
of capabilities for monitoring the state and trend of the 
environment, with great potential to overcome some of 
the spatial and temporal uncertainties inherent in in-situ 
measurements. However, satellite platforms also have 
limitations with respect to adequate spatial resolution, 
correct sensitivity, sensor calibration and image process-
ing software; such limitations become more apparent 
when the data obtained are applied to specific coastal 
environments. Other limiting factors are atmospheric 
correction and bio-optical algorithms, since they are gen-
erally devised to convert ocean observations to consis-
tent and accurately retrieved water-quality parameters 
only in specific regions (Sathyendranath, 2000; Miller et 
al., 2005). The ocean colour of the Guadalquivir estuary 
is affected by a variety of processes typical of environ-
ments with Case-II waters (i.e. the optical properties do 
not co-vary with chlorophyll content), including phyto-
plankton blooms, sediment plumes, and other episodic 
phenomena, such as runoff events (Morel et al., 2006). 

The aim of the present study is to use Moderate Res-
olution Imaging Spectroradiometer (MODIS) imagery to 
derive water-quality parameters (Total Suspended Solids 
and chlorophyll) related to phytoplankton dynamics and 
the pelagic ecosystem in the coastal zone adjacent to the 
Guadalquivir estuary. The work is motivated by the need 
to understand and predict the phenomena that control the 
exchange of riverine-estuarine material with the coast-
al region. Results of the validation of remotely-sensed 
observations and in situ measurements are presented, 
allowing the evaluation of the effectiveness of the MO-
DIS sensor for monitoring key water quality parameters 
in the vicinity of a large highly turbid estuary. We then 
investigate the turbidity plume and phytoplankton bloom 
dynamics using more than 11 years of high temporal 
resolution satellite observations. Finally, by matching the 
major modes of spatio-temporal variability derived from 
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the images with meteorological and oceanographic data 
sources, we provide indications as to how local climatol-
ogy and physical oceanography modulate the role of the 
Guadalquivir river in the regional pelagic ecosystem of 
the Eastern Gulf of Cadiz. 

Materials and Methods

 Satellite Imagery
Satellite ocean colour images were obtained from the 

MODIS sensor on the Aqua multispectral platform. This 
sensor provided daily or better coverage of the Gulf of Ca-
diz study area, although clear-sky images were obtained 
for about half of the days during the period of interest. 
All available images of chlorophyll concentration ([Chl], 
mg/m3), Remote Sensing Reflectance of the 555 nm 
wavelength band (Rrs555, sr-1), diffuse attenuation coef-
ficient for downward irradiance at 490 nm wavelength 
(Kd490, m

-1), and the Photosynthetically-Active Radiation 
(PAR, Einstein / m2 / day) at medium spatial resolution 
(1 km), covering the region of interest and spanning the 
years from 2003 to 2013, were ordered and downloaded 
via-ftp from the Ocean Color Website (http://oceancolor.
gsfc.nasa.gov). The MODIS algorithm to retrieve [Chl] 
corresponds to OC3M (O’Reilly et al., 2000).

SeaDAS image analysis software (SeaWiFS Data 
Analysis System, version 6. (http://seadas.gsfc.nasa.gov) 
was used to read and remap the data to a Mercator projec-
tion at 1 km resolution. Upon downloading MODIS data 
to a local system, the data were displayed to assess image 
quality. During data processing, checks are made for dif-
ferent defined conditions. We used the standard SeaDAS 
algorithm with the ‘‘LAND’’ and ‘‘CLOUD’’ flags to re-
move the data unintentionally interpolated among others 
applied as masks with L2_flags, indicating whether any 
algorithm failure or warning conditions occurred for any 
pixel. These additional and relevant quality control tests 
were used to discard all suspicious and low-quality data 
points, thus ensuring that only the most reliable data were 
retained for analysis (see Table 1 for specific informa-
tion). They correspond to the flags masked during Level 
3-ocean colour processing. 

These generated data files were edited and analyzed 
using MATLAB 7.10.0 - R2010a (c) software, and the 
study area was then subset from the images to a Region 
Of Interest (ROI) with geographic coordinates 36.25º 
N - 37.25º N, 7.5º W - 6.1º W (Fig. 1). Rrs555 images 
were converted to the normalized water-leaving radiance 
(nLw555, mW/cm2 μm sr, normalized to a zenith viewing 
geometry at the mean Earth-Sun distance) as nLw555 = 
F0 x Rrs555, where F0 is the annual spectral mean extra-
terrestrial solar irradiance, also called the solar constant. 
For the Aqua 545-565 nm band, the F0 value corresponds 
to 186.09 mW/cm2 μm (Neckel, 1984). 

In this work, the river plume was operationally defined 
as a water mass with optical properties clearly different 

from those of the water masses in the vicinity of the estu-
ary mouth. For this backscattering resulting in high values 
of upwelling radiation in the green-yellow band (λ = 555 
nm) was used. The nLw555 product is commonly utilized 
to distinguish river plumes, and was strongly correlated 
with TSS concentration ([TSS]) in near-surface waters (La-
het et al., 2001; Loisel et al., 2001; Toole & Siegel, 2001; 
Otero & Siegel, 2004; Nezlin & Di Giacomo, 2005; Ne-
zlin et al., 2005; Thomas & Weatherbee, 2006). For each 
scene, the plume extension was delimited by threshold-
ing of the nLw555 image. The threshold between “plume 
boundary” and coastal waters was defined as 1.3 mW/
cm2 μm sr (Otero & Siegel, 2004; Nezlin & DiGiacomo, 
2005; Nezlin et al., 2005; Valente & da Silva, 2009). Vi-
sual examination of a subset of images suggested that this 
value adequately defined the river plume (data not shown). 
Hence, this work has focused on the plume areas using 
indicator nLw555 values as a proxy of [TSS]. Quantitative 
estimation of the plume extent was made by counting the 
number of pixels with nLw555 values >1.3 mW/cm2 μm sr 
and multiplying by the pixel size (1 km2).

The diffuse attenuation coefficient for photosyntheti-
cally active radiation (KdPAR) can be routinely derived 
from present day remote sensing based on estimates of 
Kd490. KdPAR was calculated by two relationships (Morel 
et al., 2007; Pierson et al., 2008). KdPAR was used to esti-
mate the lower limit of the euphotic zone (defined as the 
depth where PAR represents 1% of surface radiation- Z1%) 
(Z1%=4.6 / KdPAR), following the Lambert-Beer law (Kirk, 
1983). This procedure was performed for two stations 
(Fig. 1): nearshore station 14 (36.7133º N- 6.5100ºW, 14 
km distance to coast and ~25 m depth) and offshore sta-
tion 17 (36.4983º N- 6.7583ºW, 43 km distance to coast 

Table 1. List of L2_flags used in the masking process to assure 
the quality control of the data retained for analysis. These cor-
respond to the flags masked at Level 3-ocean colour processing. 

Flag Condition
LAND pixel is over land
CLOUD cloud contamination
ATMFAIL atmospheric correction failure
HIGLINT high sun glint
HILT total radiance above knee
HISATZEN large satellite zenith
CLDICE clouds and/or ice
COCCOLITH coccolithophores detected
HISOLZEN large solar zenith
LOWLW very low water-leaving radiance
CHLFAIL chlorophyll algorithm failure
NAVWARN questionable navigation
MAXAERITER maximum iterations of NIR algorithm
CHLWARN chlorophyll out of range
ATMWARN atmospheric correction is suspect
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and >200 m depth). Bias and rmse (root mean square er-
ror) were noticeably similar for both equations (bias of 
-0.32 m and 1.08 m and rmse of 0.65 m and 2.66 m, for 
station 14 and 17, respectively) and therefore Z1% by Mo-
rel et al. (2007) was the only one presented. 

Only images with more than 85% cloud free pixels 
in the ROI were used in the 11-year time series. The final 
products corresponded to the images ([Chl] and nLw555) 
after the comprehensive filtering, which are used in the val-
idation process. Only pixels with [Chl] ≤ 20 mg/m3 were 
considered, i.e. lower than or equal to the highest values 
occurring in the region (maximum value of the field cam-
paigns). Extremely high chlorophyll values are not usually 
detected in the area (Sánchez-Lamadrid et al., 2003; Pri-
eto et al., 2009). Daily images were further combined into 
8-day and monthly means, as well as monthly climatolo-
gies and a total climatology for the 11-year period.

In-situ data  
Water samples were collected near the surface 

(depths < 5 m) with a rosette sampler during several 
oceanographic field cruises in the Gulf of Cadiz (see 
Table 2 for detailed information). One sample for each 
station was collected, which were located within the first 

optical depth. At each sampling site, a CTD cast was per-
formed with a Seabird Electronics Inc (Bellevue, WA, 
USA) CTD-SBE19plus to measure temperature, conduc-
tivity and depth. Chlorophyll analysis was performed by 
filtering samples through Whatman GF/F glass fiber fil-
ters (0.7 mm pore size), extracting in 90% acetone, and 
measuring the [Chl] by standard fluorometric methods 
(Parsons et al., 1984) using a Turner Designs Model 10. 
The fluorometer was calibrated using pure chlorophyll 
from the cyanobacterium Anacystis nidulans (Sigma 
Chemical Co.) with the concentration determined spec-
trophotometrically. Samples to measure [Chl] were fil-
tered on board and immediately deep-frozen. Pigment 
concentrations were subsequently determined at the 
ICMAN- CSIC (Marine Science Institute of Andalucia, 
Cadiz) laboratory within a few days of the survey. To-
tal concentrations of suspended solids were measured 
gravimetrically on pre-weighted Whatman GF/F filters 
after rinsing with distilled water according to JGOFS 
protocols (UNESCO, 1994). In situ observations were 
chosen based on metadata indications of data quality. 
This selection criterion removed samples at certain situ-
ations: depth > 5m, evidence of measuring problems 
and defective filters. As a result, coastal [Chl] and [TSS] 

Table 2. Oceanographic field cruises conducted in the Gulf of Cadiz region. Specifications of data for Total Suspended Solids 
(TSS) and chlorophyll (Chl) validation purposes.

Campaign Zone Vessel Date Measurements
Reserva Coastal RV Regina Maris July 2002-September 2004 TSS - Chl
Fluctuaciones Coastal RV Regina Maris May 2005-May 2007 TSS - Chl
SESAME I Ocean RV Regina Maris April 2008 Chl
SESAME II Ocean BIO García del Cid September 2008 Chl

Fig. 1: a) Location of the study area (SW Iberian Peninsula). b) Map showing the Gulf of Cadiz coastal area and the Guadalquivir 
estuary. Blue cycles, red stars and cyan squares correspond to the stations of Fluctuaciones, Reserva and SESAME oceanographic 
cruises, respectively. Green diamond is Alcala del Rio dam and red triangle is Sanlucar La Mayor meteorological station. Black 
rectangle delimits the Region Of Interest (ROI).
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information was selected from the “Fluctuaciones” and 
“Reserva” cruises. In the “SESAME” oceanic campaign, 
only [Chl] measurements were carried out. The distance 
between coastline and sampling stations ranged from 3 
km to 35 km (average of 19 km) in the case nearshore 
campaigns (Reserva and Fluctuaciones) and from 10 km 
to 140 km in the case of the SESAME oceanic campaign. 
The depth at these positions varied from 15 m minimum 
to 150 m maximum (>1000 m in SESAME). Moreover, 
the Mixed Layer Depth (MLD) was estimated from the 
temperature and density profiles of the CTD. Several cri-
teria have been used in the literature for the definition 
of MLD and a simple one is based on the changes in the 
properties of temperature or density with depth (Kara et 
al., 2000). We have used the property difference in this 
work to define MLD for both temperature and density 
(difference of 0.5º and 0.125σ, respectively) since they 
are widely used (Kara et al., 2000). In addition, MLD 
data have been obtained from the operational datasets 
routinely produced by the Global Ocean Data Assimila-
tion System (GODAS) downloaded at http://www.esrl.
noaa.gov/psd//gridded. The binary datasets corresponded 
to a monthly composite from 2003 to 2013. The arithme-
tic mean was calculated for the pixels corresponding to 
the study region (2º latitude x 0.6º longitude).

Daily mean discharge at the Alcala del Rio dam 
(Fig. 1, the main freshwater input to the Guadalquivir 
estuary), was obtained from the “Agencia Andaluza del 
Agua” (http://www.chguadalquivir.es/saih/, station code 
E60). Daily precipitation measured at an automatic me-
teorological station in Sanlucar la Mayor (Fig. 1, 37.422º 
N-6.254º W, station code 13) were obtained from the 
regional Agroclimatic Station Network (http://www.jun-
tadeandalucia.es/agriculturaypesca/ifapa/ria). 

Data on the North Atlantic Oscillation (NAO), a cli-
matic phenomenon that greatly contributes to variability in 
the weather system in the North Atlantic and Europe, was 
provided by the Climate Analysis Section (NCAR, Boul-
der, USA), (http:// www.cgd.ucar.edu/cas/jhurrell/indices.
html) (Hurrell, 1995). The winter (December through 
March) index of the NAO is based on the difference of 

normalized sea level pressure (SLP) between Lisbon, Por-
tugal and Stykkishol- mur/Reykjavik, Iceland since 1864.

Validation of satellite information
To determine the quality of satellite-derived estima-

tions of [Chl] and [TSS] in coastal waters, validation was 
carried out using in situ ground truth measurements ac-
quired during several oceanographic field cruises (Table 
2). The high spatio-temporal variability of estuarine water 
properties means that matching in situ observations with 
images is challenging. In this regard, different levels of 
spatial-temporal averaging were tested. Data match-ups 
were made by selecting nLw555 and [Chl] values for the 
corresponding pixel, and also averaging the surrounding 
grid nodes using a 1x1 and 2x2 pixel box centred on the 
coordinates of the field measurements. Time differences 
between satellite overpasses and in situ sampling were 
grouped into time intervals of <1.5h, 1.5-3h, and 3-5h. 
These validation procedures are similar to validation 
works carried out by other authors (Bailey & Wang, 2001; 
Sá et al., 2008; Jamet et al., 2011). Testing suggested that 
improved correlations between Remote Sensing (RS) 
and in situ-derived [Chl] and [TSS] values were observed 
when the shortest temporal separation window (1.5h) and 
smallest spatial scale (a single pixel) were used (data not 
shown). Hence, validation presented here only uses this 
limited number of higher quality match-ups. For all match-
ups considered, the following statistical parameters were 
calculated to define the error associated with MODIS esti-
mations; Pearson’s coefficient of correlation (r), root mean 
square error (rmse), bias, maximum, and minimum values:

where xi and xs correspond to the in situ and satellite val-
ues, respectively. 

An exponential adjustment was utilized in the TSS 
- nLw555 regression because, for large [TSS] levels the 
fit is not linear. This procedure helps with possible over-

Table 3. Description of the different zones distinguished by the second and third EOF modes of normalized water leaving reflec-
tance at 555 nm (nLw555) and chlorophyll (Chl). Further details are given in the text.

Name Variable Mode Region Spatial Coefficient
Z2N nLw555 2 North Negative
Z2S nLw555 2 South Positive
Z3N nLw555 3 North Negative
Z3S nLw555 3 South Positive
A2C Chl 2 Coastal Positive
A2N Chl 2 North Negative
A3S Chl 3 South Positive
A3N Chl 3 North Negative
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correction for atmospheric effects at high [TSS] values, 
when the water reflectance contribution may no longer be 
negligible at larger wavelengths (Ruddick et al., 2000). 
We performed a linear regression of in situ data against 
MODIS [Chl] observations to estimate the precision of 
retrieval. In addition, we also compared MODIS data 
with the offshore cruises (“SESAME” I and II, >30km 
from estuary mouth) in order to characterize the quality 
of satellite products both in coastal waters and offshore. 
A previous validation exercise conducted by Navarro & 
Ruiz (2006) between in situ [Chl] measurements at 10 m 
(2000-2002) and Sea-viewing Wide Field-of-view Sen-
sor (SeaWiFS) data exhibited good correlation.

Empirical Orthogonal Function (EOF) analysis
Composites of nLw555 and [Chl] (8-day composite 

means from January 2003 to June 2013) were analyzed 
by decomposing their variability using the EOF (Lorenz, 
1956). This methodology simplifies the dimensions of 
large datasets, including ocean colour images (Baldacci et 
al., 2001; Brickley & Thomas, 2004; Xu et al., 2011), to a 
few significant orthogonal (spatially uncorrelated) modes 
of variability. This procedure was used to study the Gulf of 
Cadiz offshore region with [Chl] imagery from SeaWiFS 
imagery (Navarro & Ruiz, 2006). EOF procedures assume 
the data to be complete, i.e. without gaps. Therefore, previ-
ous to performing the analysis, gaps were filled by insert-
ing the mean of the surrounding 8 pixels or 24 pixels. The 
final data set resulted in a total of 482 8-day composite 
images. The software used was MATLAB 7.10.0 with the 
code “pcatool” (Björnsson & Venegas, 1997).

EOF analysis has been extremely useful for exam-
ining ocean colour images, which have long time series 
and significant spatial variability, like the data sets used 
in this study. The importance of the EOF modes for the 
spatial and temporal variability was tested following the 
methodology by North et al. (1982). The interpretation 

of EOF modes is not always obvious, especially with dif-
ficult non-periodic signals, and should be explained with 
caution. Typically, the smallest modes explain much of 
the variance and their associated patterns are the simplest 
to interpret. In order to examine in detail the temporal 
variability of the amplitudes of each mode and identify 
the forcing factors, diverse oceanographic and meteoro-
logical variables have been studied and further analyzed 
to detect the main mechanisms of each mode. 8-day and 
monthly averages of the variables were contrasted with 
the temporal amplitudes of each mode. Statistics for each 
pair include the correlation determined by Pearson’s co-
efficient of correlation (r) and p-value to test if the cor-
relation is statistically significant.

 Results 

Validation of remotely retrieved Total Suspended Solids 
and Chlorophyll 

One of the objectives of this study was to validate 
MODIS-derived water-quality parameters in the coast-
al region influenced by the Guadalquivir estuary. Even 
though a large number of in situ measurements were po-
tentially available for the region, only 53 and 66 pairs 
(match-ups) for [TSS] and [Chl], respectively, were con-
sidered suitable for validation following the selection 
procedure and quality control of both in situ and satellite 
data described in Materials and Methods. 

In situ [TSS] ranged between 28.1 and 130.4 mg/L and 
nLw555 ranged between 0.1861 and 4.8011 mW/cm2 μm 
sr. Both variables were highly positively correlated (Fig. 
2a, r = 0.96, p < 0.001) and a non-linear predictive func-
tion for [TSS] (TSS (mg/L) =26.68*exp(0.3283*nLw555)) 
gave a standard error for RS-derived [TSS] estimates of 
5.0 mg/L. Hence, [TSS] appeared to be predicted with 
relatively good accuracy in both the offshore and near-
shore regions close to the Guadalquivir estuary. 

Fig. 2: a) Exponential relationship between at-sensor normalized water leaving reflectance at 555 nm (nLw555, mW/cm2 μm sr) 
and in situ Total Suspended Solids (TSS, mg/L) from Fluctuaciones (dots) and Reserva (crosses) coastal campaigns. Fitted curve: 
TSS (mg/L) = 26.68*exp (0.3283*nLw555), n = 53, standard error = 5.0 mg/L, r = 0.96 (p < 0.001). b) Scatter plot showing the 
comparison between in situ and at-sensor chlorophyll concentrations (Chl, mg/m3) for Fluctuaciones (dots) and Reserva (crosses) 
coastal cruises (logarithmic axis). Regression line: Y = 0.49 + 1.28* X, n = 66, rmse = 1.10 mg/m3, bias = 0.63 mg/m3, r = 0.79 (p 
< 0.001). Squares correspond to SESAME offshore stations. The line corresponds to 1:1 ratio.
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In situ and RS-derived [Chl] ranged from 0.055 to 4.18 
mg/m3 and 0.095 to 4.99 mg/m3, respectively, and were 
positively correlated (Fig. 2b, r = 0.79, p < 0.001). Linear 
regression of observed and predicted values (Fig. 2b, loga-
rithmic scale applied) revealed a bias of 0.63 mg/m3 and 
rmse of 1.10 mg/m3 (slope = 1.19). To highlight the increas-
ing bias observed for nearshore to offshore RS-derived 
[Chl], a subset of 12 pairs at least 30 km offshore from the 
estuary mouth were also compared (Fig. 2b, “SESAME”). 
Whilst maximum [Chl] values (0.82 mg/m3) were lower for 
this subset, the range of values appeared relatively compa-
rable to nearshore values. Pairs fell close to the 1:1 line, 
bias was insignificant (bias ~ 0 mg/m3) and the derived 
rmse was an order of magnitude smaller (0.086 mg/m3). 

Total Suspended Solids and Chlorophyll variability patterns
Regional satellite climatology of the Gulf of Cadiz 

was computed on the basis of the mean annual cycle for 
eleven years of MODIS data (2003-2013). Maximum 

nLw555 values were located within the vicinity of the 
Guadalquivir and Guadalete river mouths (Fig. 3a, 4.2 
and 3.9 mW/cm2 µm sr, [TSS] of 103.6 and 92.2 mg/L 
respectively) whereas minimum values were detected 
offshore (0.24 mW/cm2 µm sr, [TSS] = 28.7 mg/L). The 
typical salient pattern indicated that water clarity was 
usually low in the external part of the mouth, and in-
creased offshore. The monthly climatology clearly shows 
the seasonal strengthening and weakening of this general 
pattern (Fig. 4). In winter and early spring (November- 
March), high values in the Guadalquivir estuary and Ca-
diz Bay extended along and offshore from the coastline 
to form a band (plume) (>1.3 mW/cm2 μm sr). During 
spring and summer, ambient waters generally had low 
nLw555 values with highly localized plumes restricted to 
the river mouth. The extent of riverine discharges during 
storm flood events can also be assessed using this limit, 
with the largest plumes found near the river mouth and 
further south. Extreme turbid episodes during the study 

Fig. 3: Total climatology of MODIS (2003-2013): a) Normalized water leaving reflectance at 555 nm (nLw555, mW/cm2 μm sr), b) 
Chlorophyll (Chl, mg/m3). Lines represent bathymetric isolines for the Gulf of Cádiz at the intervals of 20m, 50m, 100m, 200m and 500m.

Fig. 4: Monthly climatology (2003-2013) of MODIS normalized water leaving reflectance at 555 nm (nLw555, mW/cm2 μm sr). 
Lines represent bathymetric isolines for the Gulf of Cádiz at the intervals of 20m, 50m, 100m, 200m and 500m.
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period took place during autumn and winter 2007 and 
throughout 2010 and 2011.

Total [Chl] climatology (Fig. 3b) showed that maxi-
mum concentrations (around 14 mg/m3) were observed 
close to the coast (specially near the estuary), with values 
decreasing to a minimum of about 0.3 mg/m3 offshore. 
Examining the monthly climatology (Fig. 5) revealed 
that higher [Chl] values tended to be observed in the 
North of the study region near the coast, especially near 
the Guadalquivir estuary, and lower values usually oc-
cured South of Cadiz Bay. Monthly mean [Chl] values 
peaked during March to May within the region in terms 
of magnitude and coverage (bloom ~40 km offshore). In 
addition, the offshore region presented highest [Chl] val-
ues (more than 0.5 mg/m3) during March, indicating an 

extensive phytoplankton bloom throughout the region. 
During summer, offshore [Chl] values were low and high 
values were confined to shallow regions near the coast.
 Modal analyses of nLw555

EOF analysis revealed three significant (North et al., 
1982) modes for nLw555, each explaining 60.7%, 6.5% 
and 4.7% of the variance, respectively (71.9% of the total 
variance, Fig. 6). Spatial coefficients of the three modes 
are plotted in Figure 7, where colour intensity is directly 
related to the amplitude of the coefficient (intensity of the 
phenomenon). Temporal amplitudes of the EOF modes 
are presented in Fig. 8. 

The first nLw555 EOF mode was positive throughout 
the region with the highest values occurring in a wide band 
extending from North of the Guadalquivir estuary to South 

Fig. 5: Monthly climatology (2003-2013) of MODIS chlorophyll (Chl, mg/m3). Lines represent bathymetric isolines for the Gulf 
of Cádiz at the intervals of 20m, 50m, 100m, 200m and 500m.

Fig. 6: Percentage of variance explained by the EOF modes for normalized water leaving reflectance at 555 nm (nLw555) and 
chlorophyll (Chl).
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of Cadiz Bay (Fig. 7a). Particularly high values were found 
close to Cadiz bay. Spatial coefficients near zero were ob-
served offshore, implying more stability in nLw555 val-
ues. The amplitude function displayed seasonal oscilla-
tions between winter and summer (Fig. 8a), with positive 
and negative amplitudes generally in autumn-winter and 
spring-summer, respectively. Inter-annual variation in the 

magnitude of positive amplitudes was apparent, with the 
highest values observed in winter 2010 (January and De-
cember), whilst the magnitude of negative amplitudes was 
similar through the time-series. This suggests that more 
pronounced inter-annual variability during autumn-winter 
was observed closer to the coast.

The spatial pattern associated with the second nLw555 

Fig. 7: Spatial coefficient maps corresponding to the a) First, b) Second, and c) Third mode from EOF analysis of normalized 
water leaving reflectance at 555 nm (nLw555, mW/cm2 μm sr); the same for the d) First, e) Second, and f) Third mode from EOF 
analysis of chlorophyll (Chl, mg/m3).

Fig. 8: Amplitude function for the a) First, b) Second, and c) Third mode from EOF analysis of normalized water leaving reflec-
tance at 555 nm (nLw555); the same for the d) First, e) Second, and f) Third mode from EOF analysis of chlorophyll (Chl).
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mode indicated two zones (Fig. 7b): The first zone (Z2S) had 
positive coefficients that centred on the region just offshore 
of the Guadalquivir estuary mouth and extended further 
South in a confined coastal fringe. The second zone (Z2N) 
had negative amplitudes expanding all along the coast fur-
ther offshore and occupying the region north of Z2S. Off-
shore waters had values around zero. The temporal time 
series of the second mode amplitude (Fig. 8b) exhibited a 
similar seasonal trend to the first mode, but in contrast to the 
first mode, included inter-annual variations in the magnitude 
of negative amplitudes, suggesting inter-annual variability 
during spring-summer in the zone north of the estuary.

The third nLw555 mode also suggested two main 
spatial zones (Fig. 7c); from the northwest coast to the 
mouth of the river, values were negative (Z3N), whereas 
from the limit of Z3N to the most southerly area, values 
were positive (Z3S). Whereas minimum values in Z3N 

were observed near shore, in Z3S maximum values were 
further offshore. The amplitude function again had a sea-
sonal similarity to the first mode (Fig. 8c), but was more 
irregular. Maximum positive amplitudes were similar in 
magnitude to the second mode, whereas negative ampli-
tudes were in between the other modes.

Comparison of the time-series of nLw555 first mode 
amplitudes to daily rainfall (mm), daily discharges from 
Alcalá del Río dam (m3/s) and the NAO index (Fig. 9), 
revealed that positive amplitudes, generally observed in 
late autumn, winter and early spring, tended to be asso-
ciated with periods of high rainfall (r = 0.47, p < 0.001, 
Table 4), river discharges (r = 0.50, p < 0.001, Table 4) 
and negative NAO values (r = -0.41 and -0.52, p < 0.001, 
Table 4). Negative nLw555 first mode amplitudes gener-
ally occurred in the usually drier late spring and summer 
months. It is noteworthy that low-medium magnitude rain-

Fig. 9: Time series of: a) Temporal amplitude of EOF mode 1 for normalized water leaving reflectance at 555 nm (nLw555, mW/
cm2 μm sr), b) Temporal amplitude of EOF mode 1 for chlorophyll  (Chl, mg/m3), c) Daily precipitation average measured at the 
meteorological station Sanlucar La Mayor (mm), d) Daily river discharge from the Alcala del Rio dam (m3/s), and e) Monthly time 
series of North Atlantic Oscillation (NAO) index.

Table 4. Pearson’s correlation coefficient (r) and p-value among the temporal amplitudes of the EOF modes and precipitation from 
the meteorological station Sanlúcar La Mayor, discharge from Alcalá del Río dam, the climatic index North Atlantic Oscillation 
Index (NAO) and plume area. More information is given in the text. 
Variables              Precipitation Discharge NAO Plume area PAR

r                p r              p r              p r              p r              p
Mode 1 nLw555-8-day 0.47    < 0.001 0.50   < 0.001 -0.59   <0.0001
Mode 1 nLw555-monthly 0.46   < 0.001 0.51   < 0.001 -0.62   <0.0001
Mode 2 nLw555-8-day 0.36  < 0.02 0.41  < 0.01 -0.18   <0.05
Mode 1 Chl-8-day 0.38     < 0.001 0.47    < 0.001 -0.017 < 0.01 0.05    >0.05
Mode 2 Chl-8-day -0.55  < 0.001 0.67   <0.0001
Mode 2 Chl-monthly 0.37     < 0.01 0.71   <0.0001
Mode 1 plume area-monthly 0.63    < 0.01 0.42     < 0.01 -0.52     < 0.001
Mode 1 mean nLw555-monthly -0.41     < 0.001

Mode 1 mean Chl-monthly -0.017  < 0.01
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fall events do not tend to match well with discharges to the 
estuary because of the intense regulation by several res-
ervoirs of the Guadalquivir basin. Furthermore, medium 
sized discharges may occur without intense local rainfall; 
for example, see late autumn-winter 2006. However, ex-
treme rainfall events were clearly marked by high dis-
charges from the dam (a protection measure) and clearly 
coincided with very negative values of the NAO index in 
2010, 2011 and 2013 (Fig. 9e). Additionally, a high cor-
relation was found between monthly mean plume area 
and monthly averaged precipitation (r = 0.63, p < 0.01, 
Table 4) and monthly river discharge (r = 0.42, p < 0.01, 
Table 4). Hence, nLw555 first mode seems to represent 
variability associated with rainfall and the subsequent ter-
restrial discharges to the Guadalquivir estuary. The second 
nLw555 mode, which showed a similar temporal pattern, 
was also positively correlated with daily precipitation (r = 
0.36, p < 0.02) and discharges (r = 0.41, p < 0.01), suggest-
ing it represented the influence of similar factors.

 Modal analyses of Chlorophyll
EOF analysis of 8-day composite [Chl] images re-

vealed three statistically significant modes, explaining 
31%, 11% and 6% of total variance, respectively (48% of 
total variance, Fig. 6). The first spatial mode was positive 
throughout the region, with maximum values observed 
nearshore and decreasing values offshore, as well as to 
the South of the region (Fig. 7d). High and low [Chl] 
values on the continental shelf were associated with posi-
tive and negative [Chl] first mode coefficients observed 
in winter-spring and summer, respectively (Fig. 8d). 
Maximum positive amplitudes showed inter-annual vari-
ations, with the highest values observed in winter 2011 
and spring 2013, whereas negative amplitudes were of a 
similar magnitude throughout the time-series.

Similarly to the second nLw555 mode, the second 
[Chl] mode could be classified into two different zones 
(Fig. 7e). The first zone (A2C) with positive spatial coef-
ficients was located along the coastal fringe, from Isla 
Cristina (to the north) to Cadiz Bay (to the south), and co-
incided with the maximum [Chl] observed in the monthly 
composites (Fig. 3b). The second zone (A2N) was located 
further offshore, extending from the North to the Gua-
dalquivir estuary. This zone was characterized by a nega-
tive spatial coefficient, suggesting that negative temporal 
amplitudes represented higher [Chl] values, which are 
associated with the autumn phytoplankton bloom, as ob-
served in the monthly composites (Fig. 5). Coefficients 
located further offshore (values ~ 0) suggested relative 
stability in [Chl]. [Chl] second mode temporal ampli-
tudes showed a marked seasonality; with positive values 
during spring-summer and negative during the rest of the 
year (Fig. 8e). As for nLw555 second mode, inter-annual 
variation in the magnitude of negative values was ob-
served, whereas positive peaks were rather constant.

The spatial distribution of [Chl] third mode also 
differentiated two zones (Fig. 7f): The first (A3S) corre-
sponded to a wide area from the Guadalquivir mouth to 
the South, with positive coefficients. The second (A3N), 
with negative coefficients, was a narrow band along 
the coast located further North, centred on the mouths 
of Tinto-Odiel rivers. Offshore waters again suggested 
relatively stable [Chl] compared to the rest of the region. 
Examination of the temporal amplitudes of this mode 
(Fig. 8f) suggested an irregular pattern compared with 
the other modes and large inter-annual variations.

Comparison of the time-series of [Chl] first mode am-
plitudes with daily rainfall (mm), discharges from the Alcala 
del Rio dam and the NAO index (Fig. 9, Table 4), revealed 
that positive amplitudes, generally observed in late autumn, 
winter and early spring, tended to be associated with periods 
of high rainfall (r = 0.38, p < 0.001), river discharges (r = 
0.47, p < 0.001) and, weakly, with negative NAO values 
(r = -0.017, p < 0.01). The temporal amplitude confirmed 
that the seasonal timing of [Chl] blooms was consistent be-
tween years. Nevertheless, important regional inter-annual 
variability in bloom size was noted, which was related with 
the magnitude of these storms. Maximum signals of pre-
cipitation were linked to high [Chl], as can be observed for 
example in the most recurrent phytoplankton bloom that oc-
curred during winter 2011-2012 and spring 2013. 

 Regarding the second [Chl] mode, amplitudes were 
also positively correlated with discharges (r = 0.37, p 
< 0.01), suggesting that river outflow and high [TSS] 
played a role in controlling bloom dynamics in zone A2C, 
but not A2N. This was illustrated by examining the plume 
extent in A2C and the variability in [Chl] second mode 
(Fig. 10). During winter periods, an increase in the extent 
of the plume occurred in parallel with a decrease in [Chl] 
leading to a negative association between [Chl] second 
mode and plume extent (r = -0.55, p < 0.001, Table 4). 
Regarding this significant pattern, it appears that second-
ary bloom episodes with less intense [Chl] records took 
place over the course of the study period. This temporal 
mode was representative of the semi-annual signal and 
was coupled with the first mode, presenting a 3-month 
phase lag supported by the high correlation coefficient 
between both time series (r = 0.79 , p < 0.001). 

Further indications of the role of [TSS] in the control 
of phytoplankton dynamics in the zone directly in front of 
the estuary mouth can be observed by examining physical-
optical parameters at 2 representative sites (Fig.11), the 
nearshore station 14, and the offshore station 17 (Fig. 1). 
Mixed layer depth (MLD, in situ data from May 2005 to 
August 2007 and via the GODAS model from January 2003 
to June 2013) showed annual oscillations that were clearly 
visible at the offshore station (Fig. 11a). This consisted in 
a deepening of the mixed layer around winter-early spring 
(25 m-bottom depth and 180 m, for station 14 and 17, re-
spectively) due to convective mixing caused by the winter 
cooling. MLD became shallower towards the end of spring 
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and into summer (6 m and 5 m for station 14 and 17, respec-
tively) due to warmer waters that systematically emerged in 
the region (Vargas et al., 2003; Navarro & Ruiz, 2006). The 
same seasonal evolution was observed in the GODAS mod-
el results (average of a 2º x 0.3º box), which also suggested 
large inter-annual variability. The correlation between in 
situ MLD and [Chl] was r = 0.21 (station 14, p <0.05) and 
r = 0.55 (station 17, p < 0.005), whereas correlation with 
modelled MDL corresponded to r = -0.0018 (station 14, p > 
0.05) and r = 0.44 (station 17, p < 0.0001). In addition, the 
relationship with [Chl] modes was examined resulting in r 
values of 0.32 (p < 0.0001), -0.47 (p < 0.0001) and 0.07 (p 
< 0.4) for modes 1, 2 and 3, respectively. On the other hand, 

z1% (Fig. 11b) had maximum values in summer and early 
autumn (25 m-bottom depth and 129 m, station 14 and 17 
respectively) and minimum values towards the end of win-
ter and early spring (2.0 m and 10.4 m). This was equiva-
lent to Kd (PAR) values of 0.09 and 0.01 m-1 at stations 14 
and 17, respectively in summer, and 5.65 and 5.67 m-1 in 
winter. Considering that seasonal variations in daily total 
PAR ranged from 62 to 20 mol photons/m2/day in summer 
and winter, respectively (Fig.11b), the high attenuation at 
station 14 observed in winter appeared to reduce light avail-
ability enough to limit phytoplankton productivity, and thus 
influence [Chl] dynamics (Fig. 11c). Indeed, [Chl] at sta-
tion 14 and 17 were not correlated with daily total PAR (r = 

Fig. 11: a) Mixed Layer Depth (MLD, m) from in situ data in the coastal station 14 (red line) and offshore station 17 (blue line) 
and from the GODAS model in the 2ºx0.6º box (black line), b) Euphotic zone (z1%, m) for both station 14 (red line) and station 17 
(blue line), and mean Photosynthetically-Active Radiation (PAR, Einstein / m2 / day) from MODIS data in the ROI, c) Chl con-
centration (mg/m3) from in situ data in station 14 (red stars) and 17 (blue stars) and from MODIS corresponding pixel for station 
14 (red line) and 17 (blue line).

Fig. 10: a) Temporal amplitude of chlorophyll EOF for mode 2, and b) Total number of turbid pixels (nLw555 values > 1.3 mW/
cm2 μm sr) in the coastal region A2C .
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0.07 and 0.03 for station 14 and 17, respectively; p > 0.5), 
whereas they were correlated with z1% (r = -0.85 and -0.57 
for station 14 and 17, respectively; p < 0.001, n = 498).

Discussion

Ocean Colour Validation
The exponential relationship between [TSS] and the 

backscattering characteristics of surface waters derived in 
this study suggests good predictive capacity. Although it 
must be noted that the relationship is specific for this re-
gion and may diverge from other water masses as a conse-
quence of the optical properties of the TSS, such as particle 
types, size, density and composition, as well as due to the 
TSS ranges considered. Comparisons of at-sensor products 
against field TSS or turbidity in coastal areas can be found in 
the literature (Hu et al., 2004; Otero & Siegel, 2004; Chen 
et al., 2007). There is no agreement about the best class of 
model to be used. Some suggest it should be logarithmic 
(e.g. Tassan & Sturm, 1986), log-linear (Chen et al., 1991), 
linear (Ritchie et al., 1987; Forget & Ouillon, 1998) or ex-
ponential (Schiebe et al., 1992; Li & Li, 2000; Hu et al., 
2004; Caballero et al., 2014), as used in this study. 

A systematic overestimation of MODIS derived [Chl] 
was found in nearshore samples that was not present in 
the offshore samples. This has been previously observed 
in other coastal turbid waters (often with large bias); in-
deed the OC3M algorithm (O’Reilly et al., 2000) typi-
cally describes 87% of the variance in traditional absorp-
tion dominated ocean waters and only 61% in the case of 
coastal waters. This can be explained by the interference 
with other absorbing substances such as yellow substance 
and coloured sediments or detritus (Darecki & Stramski, 
2004; Zhang et al., 2006; Werdell et al., 2009). Previous 
validation exercises conducted by Navarro & Ruiz (2006) 
between in situ [Chl] measurements at 10 m and SeaWiFS 
data (2000-2002) in the offshore region of Guadalquivir es-
tuary exhibited good correlation (r = 0.85, p < 0.001, n = 
304). This relationship indicated less overestimation com-
pared to the results of the nearshore stations in this study, 
but similar to the offshore stations. These issues, combined 
with failure to correct for atmospheric and land adjacency 
effects, help explain the higher uncertainty in retrieving 
coastal [Chl]. Several remote sensing derived-[Chl] valida-
tion studies in coastal domains exhibit similar results (Rud-
dick et al., 2000; Toole & Siegel, 2001; Otero & Siegel, 
2004); predictive uncertainty in coastal waters is generally 
higher than in the open ocean. Nevertheless, in terms of 
cost-effective water quality monitoring, ocean colour algo-
rithms from MODIS provided realistic and high-resolution 
temporal dynamics of [TSS] and [Chl]. More importantly, 
these relationships seem to be stable over 2003 and 2007, 
reinforcing the hypothesis that the regressions are time-
independent and the MODIS-derived values are reasonable 
estimates. The sampling stations were distributed across the 
coastal region and throughout four seasons, thus represent-

ing an overall consistent relationship over the wide range 
of concentrations measured offshore and within the plume. 

Spatio-temporal variability and driving mechanisms
High nLw555 values occurred near the coast with the larg-
est values principally found near the Guadalquivir river 
mouth and Cadiz bay in winter (recurrent presence of 
sediment plumes), presumably mainly due to sediment-
laden terrestrial runoff. Across-coast dispersal distances 
of 50 to 75 km have been reported for the Guadalquivir 
estuary plume (Navarro et al., 2012b), which seem to be 
confirmed by this study. The area south of Guadalquivir, 
Cadiz bay is also influenced by the Guadalete river and 
fringing wetlands. Contrary to expectations, relatively 
low nLw555 values were found in the vicinity of the 
other two major rivers located in the north of the region 
(Tinto-Odiel and Guadiana rivers). Suspended materials 
released from them are presumably rapidly transported 
to the southeast, the main prevailing ocean circulation in 
this region (Criado Aldeanueva et al., 2006; García-La-
fuente et al., 2006). Hence, this study supports the previ-
ous suggestions that the Guadalquivir is the main source 
of Holocene sediments (Lobo et al., 2004) and probably, 
dissolved organic material and nutrients (Ribas-Ribas et 
al., 2011) to the E. Gulf of Cadiz.

EOF analysis revealed the spatio-temporal struc-
ture of the river plume and suggested a close connection 
between nLw555 dynamics and meteorological condi-
tions. The nLw555 first mode appeared to be explained 
by a combination of rainstorm events and river discharge 
(Díez-Minguito et al., 2012; Navarro et al., 2011, 2012b; 
Caballero et al., 2014), both strongly correlated with the 
NAO index. This index, which also correlates with pre-
vailing winds, has previously been show to be an impor-
tant indicator of the inter-annual variability in the Gulf 
of Cadiz (Prieto et al., 2009). The second nLw555 mode 
generally showed similar temporal variability to the first 
mode and was also positively correlated with rainfall and 
discharges from the Guadalquivir. However, this mode 
had a more localized distribution of positive values in the 
vicinity of the estuary mouth and a zone with negative 
values to the north. The coincidence of the second mode 
high negative values in winter with the positive values of 
the first mode (e.g. 2010) suggests the influence of short-
er time scale events. A possible candidate could be the 
influence of onshore westerly winds on local circulation. 
In this line of thinking, third mode seemed to indicate 
higher [TSS] offshore, particularly in front of Cadiz bay, 
which may suggest the influence of periods with easterly 
winds blowing offshore. 

The link between river plumes and a large terrestrial 
runoff event is a regular feature of turbid coastal regions 
(Otero & Siegel, 2004; Nezlin & DiGiacomo, 2005; 
Thomas & Weatherbee, 2006; Schroeder et al., 2012). At 
a significant rain event scale, floods create local modifica-
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tions of the hydrodynamic conditions in the estuary and, 
consequently, re-suspension, local erosion of bed and 
margins, and the deposition of new sediments, influenc-
ing coastal waters. Maximum outflow events due to runoff 
caused high and persistent turbidity peaks in the region 
(e.g. winter 2010). These episodes have important conse-
quences for the neighbouring coastal zone, which, in turn, 
can probably be related to elevated concentrations of nutri-
ents, pollutants, etc. In addition, high levels of suspended 
solids endanger the already fragile balance of an ecosys-
tem subjected to the pressure of apparent human interven-
tion in the area, hindering the operation of aquaculture 
facilities and the irrigation of numerous cultivated areas 
in the estuary (Bhat & Blomquist, 2004; Navarro et al., 
2012b). In the E. Gulf of Cadiz, which is dominated by the 
Guadalquivir estuary, [TSS] dynamics appear to be a con-
sequence of the superposition of the seasonal variability of 
rainfall, the irregular discharges from the Alcala del Rio 
dam, and to a much lesser extent of the prevailing winds. 

Multi-year monthly composites of [Chl] showed sig-
nificant seasonal variability in the region, with the high-
est values observed in early spring and the lowest in late 
summer. Similar seasonality was also shown by Navarro 
(2004) using monthly time series for the entire Gulf of 
Cadiz. The particularity of this study, is the strip with high 
[Chl] observed along the coast in all composites. This 
could be an artifact of the higher bias found in nearshore 
waters, as discussed above. On the other hand, the high-
est [Chl] values were observed in the nearshore regions 
influenced by rivers Guadiana, Tinto-Odiel, Guadalqui-
vir and Guadalete. South of Cadiz bay, the nearshore strip 
was reduced in intensity and width, suggesting that the 
observed phenomenon is at least in part related to the 
fertilizing activity of these major riverine inputs, which 
promote phytoplankton growth. Indeed, previous studies 
suggest that these rivers, and in particular the Guadalqui-
vir, constitute the major factor determining the primary 
productivity and fisheries resources of the region (Prieto 
et al., 2009; Ruiz et al., 2009).

The [Chl] first mode appeared to capture this seasonal 
variability with changes in winter-spring phytoplankton 
blooms throughout the region (extending out onto the 
continental shelf), and particularly north of the estuary. 
This typical seasonality is common to many coastal re-
gions (Peliz & Fiúza, 1999; Thomas et al., 2001; Xu et 
al., 2011; Le et al., 2013), where nutrient-limitation keeps 
[Chl] low in surface waters during summer. As vertical 
water structure breaks down in autumn-winter and nutri-
ents become available again, phytoplankton blooms are 
formed, especially in spring as light availability increas-
es. The correlation of [Chl] first mode with precipitation 
and discharges, suggests that inputs of nutrients from the 
major rivers, fertilizing the surrounding waters (Peliz & 
Fiúza, 1999; Navarro & Ruiz, 2006; Navarro et al., 2011), 
modulate this general pattern. These high-flow events 
have important consequences for the neighbouring coast-

al zone, pumping large quantities of nutrients and stimu-
lating the growth of phytoplankton that sustains the food 
chain (Prieto et al., 2009). In addition, the [Chl] trend cor-
responded to a decline until 2009 and, from then onwards, 
an increase that is indicative of nutrient enrichment in the 
region during recent years. These phenomena are also as-
sociated with a precipitation increment due to frequent 
storm events and consequent river discharge intensifica-
tion, as has also been observed in the north-eastern Gulf 
of Cadiz (Prieto et al., 2009; Navarro et al., 2011).

Second mode appeared to distinguish [Chl] dynam-
ics between the narrow nearshore strip directly influ-
enced by the rivers (A2C) and the coastal region to the 
North (A2N). The latter region coincides with the “Huelva 
Front” (Stevenson, 1977), which is generated by local 
upwelling as currents flow over the Cape Santa Maria 
canyon (increasing nutrient supply to surface waters). 
The increased tendency for an early breakdown of ver-
tical stratification may account for the late summer-au-
tumn phytoplankton blooms predominantly observed in 
this zone. The EOF analysis of [Chl] conducted in the 
Gulf of Cadiz by Navarro & Ruiz (2006) exhibited the 
presence of several zones in second mode. In fact, ar-
eas A2N and A2C, differentiated by the second mode in the 
present study, are closely related to Zone 3 and Zone 4 of 
their study, respectively.

The particularly high [Chl] values in the nearshore 
strip (A2C) were associated with late spring-summer 
maximum in the second mode, with a time lag of about 
a month after peaks in the first mode. This suggests that 
another factor, such as light, rather than nutrients was lim-
iting primary production in this zone (Eppley & Peterson, 
1979). Indeed, studies have shown that the Guadalquivir 
estuary, which has relatively low [Chl], despite extremely 
high nutrient concentrations, is generally severely light-
limited due to very high turbidity levels (Navarro et al., 
2012a; Ruiz et al. 2006; 2013). This is a common feature 
of other nutrient-replete, highly turbid estuaries (Wofsy, 
1983; Cloern, 1987; Irigoien & Castel, 1997). Evidence 
that this phenomenon extends into the surrounding coast-
al zone is provided by in situ vertically resolved data on 
the physical-optical properties of the water column. Max-
imum [Chl] values were observed earlier at the offshore 
station (around February) compared to the nearshore sta-
tion located in the estuary mouth (March-April). During 
this period, MLD at both stations suggests that water col-
umn stratification was not significant; however, higher 
Kd(PAR) levels, resulting in a shallower z1% were observed 
at the nearshore compared to the offshore station. This 
suggests that light limitation due to high [TSS] delays 
the development of the nearshore spring phytoplankton 
bloom. At both stations, during the stratification period 
(summer and early autumn), a seasonal thermocline de-
velops, MLD gets shallower, terrestrial inputs decline and 
nutrient transport to surface waters is restricted (Sarmien-
to et al., 1998), leading to lower [Chl]. The correlation 
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between both in situ and modelled MLD and [Chl] indi-
cates a more significant cause-effect connection of MLD-
bloom patterns at the offshore station than at the nearshore 
station. The simultaneous coincidence between MLD 
and [Chl] maximum suggests that [Chl] peaks after the 
maximum MLD is formed extending below the euphotic 
zone, confirming the connection established by Navarro 
et al. (2012a). Hence, the relationship existing between 
both MLD-z1% depths and upwelling (Fiúza, 1983; Cria-
do-Aldeanueva et al., 2006) and estuarine processes may 
explain the detected blooms. Finally, [Chl] third mode 
may suggest the influence of strong easterly winds, par-
ticularly dominant in the region during summer, which 
break-down thermal stratification and transport coastal 
phytoplankton offshore.

Although the Guadalquivir estuary is typically verti-
cally homogeneous (Vanney, 1970), the occurrence of 
high-flow events could be responsible for strong verti-
cal stratification. Stratification within the plume can 
trap biomass in distinct layers where light levels can 
change in just a meter. The influence of the buoyancy 
plume could diminish the MLD, hence the mean light 
intensity entering the MLD increases. As stated above, 
the outstanding effect of light-limitation in turbid envi-
ronments illustrates the critical significance of mixing 
properties within buoyant coastal plumes, as it regulates 
the potential for productivity. In addition, many factors 
clearly contribute to [Chl] degradation, but phytoplank-
ton decay and predator consumption (grazing) are the 
main sources of phytoplankton mortality in the oceans; 
zooplankton was found to respond quickly to variations 
in phytoplankton biomass (Calbet & Landry, 2004). In 
that sense, the central role of grazing on phytoplankton 
population dynamics has been recognized in the Gulf of 
Cadiz (García et al., 2002). 

EOF analysis explained 72% and 50% of the vari-
ability in nLw555 and [Chl] respectively, suggesting that 
particularly for [Chl], variation at smaller-scales is prob-
ably a key feature. Processes not considered here such 
as tidal dynamics and grazing (García et al., 2002) may 
help to further explain this variability. Nevertheless, in-
ter-annual and seasonal patterns in [TSS] and [Chl] ap-
pear to be tightly related to terrestrial discharges, particu-
larly from the Guadalquivir estuary, and to the seasonal 
interaction between water column stratification and light 
availability. This sustains the significant relevance of the 
physical conditions and local processes for the biological 
response in the region. However, in support of future lo-
cal pollution assessment activities and decision-making 
needs, higher resolution ocean colour imagery in both 
time (e.g. sub-diurnal) and space would be required to 
recognize and predict events adequately. These emerging 
capabilities would comprehensively sort out and charac-
terize the small-scale variability of the water properties 
observed in this coastal region. In this regard, the use of 
airborne sensors or observational platforms will allow 

regular real-time monitoring and adequate assessment 
of the ecological impacts of the turbidity plume. Further 
investigation is necessary to elucidate critical boundaries 
and the linkages between water quality, turbidity plumes 
and phytoplankton growth.

Conclusion

This study demonstrates that remote sensing can serve 
as a tool to estimate [TSS] and [Chl] in the coastal waters 
of the Eastern Gulf of Cadiz. Spatio-temporal analyses of 
both variables permitted the assessment of driving forces 
and the connection with climate fluctuations. The outcome 
of EOF analysis suggests that the Guadalquivir river plume 
is of considerable importance not only because of its effect 
on nearshore hydrography, but also because of its influ-
ence on biological productivity. The seasonal dynamics of 
total suspended matter are strongly associated with fresh-
water discharges from the Alcala del Rio dam that follow 
episodes of heavy precipitation. Furthermore, bloom de-
velopment in the coastal fringe appears to be delayed by 
the extended turbidity plumes observed during the rainy 
season. The combination of variable riverine inputs and 
mixing processes, with light limitation due to the turbidity 
plume, creates a dynamic, diverse transition area that may 
help to explain the very high productivity of the region. 
Hence, understanding the dynamics of the Guadalquivir 
river plume is key to managing the coastal resources in the 
Eastern Gulf of Cadiz.
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