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a b s t r a c t
The Douro River represents the major freshwater input into the coastal ocean of the northwestern Iberian Peninsula. The seasonal and interannual variability of its turbid plume is investigated using ocean color composites
from MODIS (Moderate Resolution Imaging Spectroradiometer) sensor aboard the Aqua and Terra satellites
(2000–2014) and long-term records of river discharge, wind and precipitation rate. Regional climate indices,
namely the Eastern Atlantic (EA) and North Atlantic Oscillation (NAO), were analyzed to identify the inﬂuence
of atmospheric variability on the generation of anomalous turbid river plume patterns. The connection
between the monthly time series of normalized water leaving radiance at 555 nm (nLw(555)) and river discharge
is high (r = 0.81), which indicates a strong link between river outﬂow and turbidity levels in the river plume. The
equivalent result is found between precipitation and nLw(555) time series, but the peak correlation was found with
a 1-month lag, revealing the importance of the river dams on the outﬂow regulation (r = 0.65). Lag correlations between nLw(555) and EA index show a peak at 1-month lag (r = 0.51). The relation between NAO index and Douro
river discharge is considerable (−0.50), for a time lag of 1-month as well. However, the correlation coefﬁcient between nLw(555) and NAO index presents a maximum peak for a longer period (r = −0.42 at 3-month). Anomalous
turbid plume patterns, not related with estuarine outﬂow, are found during autumn 2004. A coccolithophore bloom
is proposed as a plausible explanation for these unexpected turbid patches.
© 2017 Elsevier Inc. All rights reserved.

1. Introduction
River plumes are closely associated with a wide range of physical
and biogeochemical shelf processes near river mouths (Dyer, 1973;
Dzwonkowski and Yan, 2005). The spreading and variability of buoyant
plumes depend on complex interactions among topographic constraints, ambient ﬂow and high variability of dominant forcing: river
discharge, wind stress, Coriolis effect and tides (Fong and Geyer, 2001;
García Berdeal et al., 2002; Garvine, 1974; Hetland, 2005;
Horner-Devine et al., 2015; Yankovsky and Chapman, 1997). The high
variability of the main driver, i.e. freshwater discharge, often results in
signiﬁcant structural and dynamical differences among river plumes
(Horner-Devine et al., 2015).
Some studies along the NW Iberian Peninsula have highlighted the
importance of river runoff and estuarine plumes on local coastal circulation patterns (Peliz et al., 2002; Relvas et al., 2007; Santos et al., 2004;
Torres and Barton, 2007). The freshwater discharge presents a marked
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annual cycle, with peak values during winter and lower ﬂow during
summer (Azevedo et al., 2008; Mendes et al., 2014). These seasonal ﬂuctuations produce a variable estuarine outﬂow that modulates coastal
circulation and biogeochemistry in the region (Picado et al., 2014) –
the river outﬂow is a major supplier of sediment and nutrients into
the coastal ocean. Moreover, the Douro estuarine plume is the major
contributor to the Western Iberian Buoyant Plume (WIBP), which is
an accumulation of a less dense water mass originated from all river
outﬂows along the northern Portuguese coast that under persistent
downwelling-favorable wind conditions ﬂows northward as a classic
coastal-attached buoyant plume (Mendes et al., 2016; Otero et al.,
2008, 2009; Santos et al., 2004).
The Douro River is 927 km long, drains to the NW coast of Portugal
and has a catchment basin that is the largest in the Iberian Peninsula
(97,682 km2). The Douro estuary is 21.6 km long, being delimited upstream by a dam that leads to an artiﬁcial separation from the
river (Fig. 1). The daily mean freshwater discharge ranges from zero to
N13,000 m3 s−1 (Azevedo et al., 2010), with an average of
708 m3 s−1. Rainfall episodes enhance river plume outﬂow, with a signiﬁcant supply of nutrients and suspended matter to the continental
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Fig. 1. Study area with location of the main rivers near the interest point (Lima, Cávado,
and Ave rivers and Ria de Aveiro coastal lagoon). Wind and precipitation data stations
are marked with a white circle (W) and square (R), respectively. The black pentagon
(D) represents the location of the downstream Douro River dam. The dashed black box
near the river mouth represents the near-ﬁeld area of Douro River inﬂuence.
Bathymetry, from General Bathymetric Chart of the Oceans (GEBCO), is shown with
white lines (contours in meters).

shelf. The Douro River delivers about 87% of the ﬂuvial sediments
discharged into the NW Iberian coast (Dias, 1987) and the current deficit of sediments discharged by its estuary is commonly referred as a primary reason for severe erosion along southward beaches (Dias, 1990;
Oliveira et al., 1982; Veloso-Gomes et al., 2004). Douro River runoff
also poses a particular relevance on the coastal biogeochemistry, in particular during upwelling winter events (Picado et al., 2014; Prego et al.,
2007; Ribeiro et al., 2005; Santos et al., 2004). Also, vertical stratiﬁcation, enhanced by the plume, plays a key role on larvae retention
(Santos et al., 2004). In these upwelling winter events, buoyant water
(rich in nutrients) stimulates phytoplankton growth (Chícharo et al.,
2003; Prego et al., 2007; Santos et al., 2004), contributing to an increase
of primary production. Recently, Mendes et al. (2014) described the
mean-state patterns of the Douro River plume through ocean color imagery, highlighting that the turbid plume is readily detected when the
river ﬂow exceeds 500 m3 s−1. River discharge and wind are the main
drivers of the plume, whereas tidal effect is most important near the estuary mouth. An offshore plume expansion is observed under northerly
winds and high river discharges. A northward coastal-attached plume is
commonly observed under downwelling-favorable winds. An offshore
plume detached from the coast is observed under seaward winds,
while westerly winds (onshore) tend to favor the freshwater accumulation near shore and to decrease the cross-shore advection (Mendes et
al., 2014).
The Eastern Atlantic (EA) and North Atlantic Oscillation (NAO) are
two of the most representative regional patterns of atmospheric variation in the Northern Hemisphere, impacting the local precipitation
and river discharges, and with higher amplitude during winter
(deCastro et al., 2008a, b; deCastro et al., 2006a, b; Lorenzo and
Taboada, 2005; Trigo et al., 2004; Zorita et al., 1992). Several works
have shown a signiﬁcant correlation between NAO index and precipitation in Galicia during winter (northwest of Iberian Peninsula)
(Esteban-Parra et al., 1998; Lorenzo and Taboada, 2005; Zorita et al.,

1992). Trigo et al. (2004) found that river discharge is signiﬁcantly correlated with the NAO index in winter (for the period 1973–1998) with a
1-month lag peak (−0.76 for Douro, −0.77 for the Tagus and −0.79 for
the Guadiana river). Furthermore, deCastro et al. (2006a, b) found signiﬁcant correlations between Minho river discharge and (DJF) NAO
index for the period 1970–2005 with a 2-month lag peak, showing a decreased correlation in the last years, which is in agreement with the decreased trend in spatial correlation found by Trigo et al. (2004).
Regarding EA variability, Rodriguez-Puebla et al. (1998) found correlation with the annual precipitation for Iberian Peninsula for April EA,
while deCastro et al. (2006a, b) showed a negative correlation between
Minho River discharge and (DJF) EA with a peak at 1-month lag. In addition, they are connected to different types of wind patterns, which inﬂuence the plume propagation. Upwelling along this area is a frequent
phenomenon during the spring–summer months, when northerly
winds prevail along the shelf. However, persistent northern and northeasterly winds are also observed during winter, inducing upwelling
events (Álvarez et al., 2009; deCastro et al., 2008a, b), with similar patterns to those observed during summer, when precipitation and river
discharge are minimum.
The Douro estuarine plume was studied by Mendes et al. (2014) to
obtain a synoptic picture of the propagation of the plume using satellite
imagery. However, no previous investigation is available on how this estuarine plume is inﬂuenced by changes in the main forcing from winter
to summer conditions or even during peak freshwater discharge and
wind. This study intends to be a step forward in the study of the
Douro Estuarine plume at seasonal and interannual scales of variability,
and their relationship with the atmospheric forcing.
Data and methods are described in Section 2. The results and discussion are presented in Section 3, highlighting the dominant spatio-temporal plume patterns along the coast and their connection with wind
and climate indices at interannual scale. Finally, the principal conclusions are presented in Section 4.
2. Data and methods
2.1. Ocean color imagery
Satellite ocean color imagery provides unique information for detecting and monitoring the Douro River plume (e.g. Mendes et al.,
2014). In general, ocean color images allow the resolution of
submesoscale to small-scale features in river plumes (Aurin et al.,
2013). The ocean color signal of river plumes, due to their high turbidity,
is often well correlated with surface salinity, which is the natural tracer
of freshwater buoyant plumes (e.g. Binding and Bowers, 2003; Burrage
et al., 2008; Klemas, 2011; Molleri et al., 2010; Palacios et al., 2009; Piola
et al., 2008; Saldías et al., 2016a). Thus, satellite-derived turbidity patterns become a direct proxy to identify river plumes on coastal areas
(Fernández-Nóvoa et al., 2015; Mendes et al., 2014; Nezlin et al.,
2005; Saldías et al., 2012; Saldías et al., 2016b).
All full-resolution L1A ﬁles from MODIS-Aqua and MODIS-Terra covering the Douro Estuary region (swaths inside the box 40°–43°N; 11°–
7.5°W) and available from NASA (http://oceancolor.gsfc.nasa.gov)
were used in this study. As MODIS imagery from Aqua is available
from July 2002, previous data (Feb. 2000–Jun. 2002) correspond solely
to MODIS-Terra. L1A ﬁles were processed using the SeaDAS (SeaWIFS
Data Analysis System, version 6.4, Baith et al., 2001) software, following
standard procedures for processing raw data ﬁles. L1B ﬁles were then
converted to L2 ﬁles by applying a methodology similar to that provided
by Mendes et al. (2014). The processing generates high-resolution
(~ 500 m) daily nLw(555) (normalized water-leaving radiance at
555 nm; mW cm−2 m−1 sr−1) images from February 2000 to December
2014. Swaths were mapped into a regular lat-lon grid (0.005° × 0.005°)
and daily averaged images were generated when more than one existed
for the same day. From all visible spectrum bands available in MODIS,
the nLw(555) is the best proxy for mapping the Douro river plume – it
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presents high correlation with the river discharge and, in addition, there
is increased percentage of valid daily images to study the turbid river
plume (Mendes et al., 2014). Moreover, small differences between
Aqua and Terra data for green channels (Franz et al., 2006) allow merging the nLw(555) images from both platforms in this region (Mendes et
al., 2014). The average and standard deviation of nLw(555) in the Douro
region from Aqua, Terra, and merged data from both satellites are
depicted in Fig. 2. Differences in long-term averages and standard deviation are minor between platforms and the merged product - high standard deviation values are restricted to the pixels near the Douro River
mouth where the turbid plume has a major impact (Fig. 2d, e, f). Merged
data, however, presents a considerable increase of daily available pixels
(Fig. 2i). Using nLw(555) merged data results in a maximum of 40–45%
of cloud-free data along the coast, whereas the available data is greatly
reduced to 25–35% in single cases from Aqua or Terra (Fig. 2g–h). Then,
nLw(555) merged composites were monthly averaged to guarantee
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N99% of good data in the entire study area and, at the same time, to
study the interannual variability of the Douro turbid river plume.
Different methods could be used, as the criterion of plume intensity,
to compare the temporal variation of the Douro turbid river plume obtained from satellite-derived turbidity with environmental information
from other datasets. The monthly average of nLw(555), the number of
turbid pixels NTP (N1.1 mW cm−2 μm− 1 sr− 1, Mendes et al., 2014),
and the product between the NTP and the averaged nLw(555) are presented in Fig. 3 within a box close to river mouth (dashed line in Fig. 1
– 41.02°–41.25°N; 9.25°–8.69°W). The nLw(555) criterion to deﬁne
plume regions can be considered subjective, as pointed out by Mendes
et al. (2014) in their work about Douro plume as well as by additional
authors (i.e. Nezlin et al., 2005; Saldías et al., 2012) for other river
plume studies. However, the application of these methods is adequate
to quantify the area of a plume and to deﬁne its spatial limits at daily
scales, having the potential to mask occasional plume events during

Fig. 2. (upper panels) Averages, (middle panels in the vertical direction) standard deviations, and (lower panels) percentage of daily cloud-free data of nLw(555) from (left panels) MODISAqua, (middle panels in the horizontal direction) MODIS-Terra, and (right panels) the merged MODIS-Aqua-Terra composites.
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3. Results and discussion
3.1. Seasonal evaluation

Fig. 3. Temporal evolution of (a) the monthly averaged of nLw(555), (b) the number of
turbid pixels (NTP) and (c) nLw(555) × NTP (c).

non-winter periods in monthly average calculations. As the general patterns of the three monthly time series presented in Fig. 3 are similar, the
monthly nLw(555) averages were chosen to better quantify the temporal variation of the Douro turbid river plume.

2.2. River discharge, wind and precipitation rate
Daily mean Douro River outﬂow data, at the Crestuma-Lever dam (D
in Fig. 1), were obtained from the SNIRH database (www.snirh.pt).
Wind data were retrieved from NOAA's National Operational Model
Archive and Distribution System (NOMADS), which is maintained at
NOAA's National Climatic Data Center (NCDC) (Saha et al., 2010). The
Climate Forecast System Reanalysis (CFSR) database (http://rda.ucar.
edu/pub/cfsr.html) was used, which was developed by NOAA's National
Centers for Environmental Prediction (NCEP). The CFSR provides a spatial resolution of 0.5° × 0.5° and a 6-hourly time resolution from January
1979 to December 2014, covering the atmosphere, ocean, sea ice and
land. The u and v wind components (scaled to a reference height of
10 m) were monthly averaged for the research study (41°N, − 9.5°E,
W in Fig. 1). A previous research carried out along the Iberian Peninsula
coast has proved that CFSR data are accurate when compared with in
situ buoy measurements (Álvarez et al., 2014).
Monthly precipitation data were retrieved from NOAA/OAR/ESRL
PSD, Boulder, Colorado, USA (http://www.esrl.noaa.gov/psd/). This
global dataset has been constructed on a 2.5° latitude-longitude grid
from 1979 to present day by merging hydrometric gauge observations,
estimates inferred from a variety of satellite observations, and the
NCEP-NCAR reanalysis. The CPC Merged Analysis of Precipitation
(CMAP) dataset was used with success to investigate the annual and interannual variability in large-scale precipitation, showing a reasonable
agreement with long-term means (Xie and Arkin, 1997). Data were
processed and monthly averaged for the closest available site near the
Douro Estuary (R in Fig. 1).

2.3. Climate indices
Monthly NAO and EA teleconnection indices were obtained from the
Climate Prediction Center (CPC) at the National Center of Environmental Prediction (NCEP; www.cpc.noaa.gov) over the period 2000–2014.
The NAO consists of a north–south dipole of geopotential anomalies,
with one center located over Greenland and the other one spanning
the region between 35° and 40°N in the central North Atlantic, near
the Azores archipelago. EA consists of a north–south dipole that spans
the entire North Atlantic Ocean. EA dipole is displaced southeastward
the NAO with the centers near 55° N, 20°–35° W and 25°–35° N, 0°–
10°W. A detailed description of these indices can be found at http://
www.cpc.noaa.gov/data/teledoc/telecontents.shtml.

The comparison between monthly averaged series of nLw(555),
river discharge and precipitation rate for the period 2000–2014 is
shown in Fig. 4a, c. nLw(555) data are the average of values within a
box close to river mouth (dashed line in Fig. 1 – 41.02°–41.25°N;
9.25°–8.69°W), where the Douro estuarine outﬂow has more inﬂuence
on turbidity patterns. A relation between nLw(555), river discharge and
precipitation is noticeable (Fig. 4a, c). Correlation coefﬁcient between
the Douro River discharge and nLw(555) is 0.81 with p b 0.01. All maximum peaks of discharge match with nLw(555) ones, which indicates
the use of high-resolution nLw(555) composites as reliable to study
the Douro River plume variability at interannual scale (Mendes et al.,
2014). For example, the maximum peak of nLw(555) is observed during
2000–01, when it was observed the maximum of the Douro River mean
daily outﬂow (N8000 m3 s− 1) (Marta-Almeida et al., 2002; Ruiz
Villarreal et al., 2005). A similar correlation is observed in terms of annual climatology with very low values of monthly river inﬂow during summer months and higher in winter (Fig. 4b). The turbidity is more
sensitive to the river discharge in early winter, possibly due to higher
sediments supply after summer, which are then carried by river to the
coast.
The correlation coefﬁcient between precipitation and nLw(555) time
series is smaller (r = 0.58; p b 0.01) (Fig. 4c). However, the maxima correlation was found with a 1-month lag ahead (r = 0.65; p b 0.01), which
conﬁrms the visual analysis from the annual climatological data (Fig.
4d). The precipitation is higher during autumn than during winter.
The non-coincident pattern between precipitation and river discharge
can be caused by the outﬂow regulation by several dams along the
river's course.
Two typical patterns are observed regarding wind condition during
these 15 years (Fig. 4e): Northerly and positive zonal winds are persistent during summer, inducing strong upwelling events (Álvarez et al.,
2010, 2011; Fiúza et al., 1998; Fraga, 1981) (Fig. 4e, f); During winter,
upwelling-favorable winds are no longer prevalent. Strong southwesterly winds during winter (Fig. 4e, f) are linked to precipitation episodes
(Lorenzo et al., 2008; Trigo and DaCamara, 2000), which, in turn, are associated with the highest peaks in river discharge (2000–01, 2002–03,
and 2013–14 events) (Fig. 4a, e).
3.2. Wind and river runoff inﬂuence on interannual nLw(555) anomalies
The long term (2000–2014) spatio-temporal variability of the Douro
turbid plume was characterized by means of longitudinal monthly
anomalies of nLw(555) averaged for a latitude band coincident with
the estuary mouth (41.14° - Fig. 5a). Monthly anomalies of river discharge and meridional and zonal wind components are also represented in Fig. 5b, c, and d, respectively, to further clarify their relationship
with anomalous plume patterns. Aqua satellite was launched in July
2002, which partially explains the blank areas observed in 2000 and
2001 (in particular in the winter of 2000/01) – nLw(555) composites
before July 2002 correspond to MODIS-Terra only (Fig. 5a).
Anomalous high nLw(555) values are observed during 2000–01,
2002–03, and 2013–14 winters, while 2001–02, 2004–05, 2005–06,
2007–08, and 2011–12 winters appear to be less impacted by the
river discharge and, consequently, by the turbid river plume (Fig. 5a).
Relation between river outﬂow and nLw(555) is less important in
terms of the turbid plume extent. The wind forcing presents a secondary
role, in comparison with river discharge, on the cross-shore propagation
of the Douro estuarine plume (Mendes et al., 2014).
Alongshore winds play a key role on the plume conﬁnement and offshore expansion events at interannual scale during positive anomalies
of river discharge. This might be part of the explanation to the maximum plume extent found on winter 2002–03 (Fig. 5a), but higher
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Fig. 4. Temporal evolution (left panels) and mean annual cycles (right panels) of monthly river discharge (a, b) and precipitation. (c, d) with nLw(555) data. Monthly average time series of
meridional (v) and zonal (u) wind components and wind rose diagram for 2000–2014 period (f).

river discharges and nLw(555) anomalies were found on 2000–01 winter (Fig. 4a). Downwelling-favorable winds during winter 2000–01
were stronger than during 2002–03, which tend to conﬁne the plume
to the coast and consequently reduce its offshore transport (Mendes
et al., 2014; Otero et al., 2008).
Northerly winds induce winter upwelling events which have similar
characteristics to those observed during summer, when precipitation
and river discharge are minimum. Large negative nLw(555) anomalies
are usually associated with winters with low river discharge and precipitation rate, which in turn is associated with a predominance of upwelling-favorable winds, i.e. winters of 2001–02, 2004–05, 2005–06, 2007–
08, and 2011–12 (Fig. 5a, c, d).

3.3. Seasonal and interannual spatial patterns
Apart from the known correlation between wind and precipitation
in the Douro basin and consequently on the variation of the freshwater
discharge, wind also affects the plume propagation patterns along the
coast. In the previous section, it was shown that wind impacts the offshore extension of the plume, decreasing its dependence on river discharge changes.
The seasonal and interannual variation of the Douro estuarine plume
is studied, in terms of spatial differences, calculating the nLw(555) maxima over the 15 years of data in every pixel of the study region. The results are depicted as a function of months and years (Fig. 6a, b). The
contours of the plume area in different months and years, following
the 1.1 mW cm−2 μm−1 sr−1 criterion (Mendes et al., 2014), are
shown in Fig. 6c, d). Months without signiﬁcant river discharges events
are not depicted in Fig. 6c for the sake of clarity. Following the same
principle, Fig. 6d shows the average of the plume area only for 3 years

with signiﬁcant positive (2001, 2003, and 2014) and negative river discharge anomalies (2002, 2006, and 2012).
The nLw(555) maxima near the coast was found in winter months
(December, January and February) as expected (Fig. 6a). However, observing both Fig. 6a, b is found a signiﬁcant nLw(555) maxima at southwest of the Douro river mouth, during October 2004. For the open
ocean, peak nLw(555) values occurred in April and May due to the increase of sunlight radiation, which stimulates phytoplankton blooms
(changing water turbidity). Nevertheless, the typical values found in
those regions (0.6–1 mW cm−2 μm−1 sr− 1) are considerable lower
than for near shore regions (N 1 mW cm−2 μm−1 sr−1) where the inﬂuence of the Douro plume is higher. The typical offshore extent of the
Douro turbid plume is also inferred from Fig. 6a. The 9.5°W longitudinal
boundary (about 50–60 km from coast) can be considered as the distinguished limit of riverine turbidity. The limit of the continental shelf in
this region is around 9.5°W, e.g. this bathymetric constraint (Fig. 1)
also inﬂuences and blocks the seaward excursion of the buoyant turbid
plume propagation as established by Lee and Valle-Levinson (2012). According to the statistics results shown in Fig. 6a, the largest percentage
of nLw(555) maxima in the four seasons decreases in the following
order: winter N spring N autumn N summer. The area of nLw(555) maxima for winter was approximately 47.7% of the total area represented
and similar during spring (47.5%), mostly corresponding to open sea regions where the biological activity is important during spring. For autumn, this area is about 4.7%, mostly related with the October 2004
event. In summer this area is nearly null (b 0.1%). The analysis of the
monthly averaged plume area and its seaward extension (Fig. 6c)
shows an expected agreement with mean annual cycles of monthly
nLw(555) data (Fig. 4b). Plume area and offshore extension are larger
(in average) during January and February, followed by other related
winter and/or rainy months as March, November and December. Turbid
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Fig. 5. (a) Hovmöller diagram of monthly nLw(555) anomalies for a latitudinal band coincident with Douro River mouth. (b) Douro river discharge and (c) zonal and (d) meridional wind
monthly anomalies. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article.)

plume events are rare in April and October and almost non-existent between May and September (Fig. 6c).
The largest plume events in winter are clearly distinguishable and
represent three different spatial characteristics (see Figs. 5, 6a and b).
The nLw(555) value for the winter of 2000–2001 is represented in a
large area located north of the Douro River mouth (orange in Fig. 5b).
Fig. 6d also reveals that the plume event found in 2001 had a higher impact on the northern region. This synoptic pattern observed is typical of
the plume propagation affected by strong southerly and southwesterly
winds (Mendes et al., 2014) The large plume seaward extension
(about 50 km) found during January of 2003 (Fig. 5a) is represented
in Fig. 6b by yellow-green color in the open-sea region. The high river
discharge event of January of 2003 was characterized by weak winds
in the study region. In this case the plume propagation is mostly controlled by the estuarine discharge, and its offshore extension off the estuary mouth is similar to that found for the 2001 event (Fig. 6d), despite
the difference in river inﬂow between both events (Fig. 4a). In January
2014, strong westerly wind conditions were observed, conﬁning the

plume to the coast and producing a continuous alongshore turbid
band northward (Mendes et al., 2014). This pattern is depicted by the
dark-pink color in Fig. 6b corresponding to 2014. The offshore plume
extension both south and north of the estuary mouth is equivalent
(Fig. 6d), indicating the westerly wind impact on the plume
propagation.

3.4. Relation of atmospheric indices with the turbid plume
The correlation between variables presented in Fig. 4 (nLw(555),
river discharge, and precipitation rate) and the teleconnection indices
(NAO and EA) were calculated for winter months (DJF) from 2000 to
2014. In addition, time lags between the variables were also considered:
Lag 1 represents JFM values of nLw(555), Douro River discharger and
precipitation rate; Lag 2 corresponds to FMA and so on. The correlation
coefﬁcients between DJF atmospheric patterns and the referred variables (with different lags) are depicted in Fig. 7.

R. Mendes et al. / Remote Sensing of Environment 194 (2017) 401–411
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Fig. 6. Spatial-temporal distribution of the timing of nLw(555) maxima in terms of months (a) and years (b) from 2000 to 2014. Contours of plume limits from monthly and yearly average
following Mendes et al. (2014) criterion. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article.)

The EA index shows to be directly correlated with the three variables. A positive EA pattern is related to periods of predominant low
pressure in the study area during winter. Under this situation, more
cold fronts reach the Northwestern Iberian coast resulting in increased
precipitation (deCastro et al., 2006a, b; Lorenzo and Taboada, 2005).
Precipitation has a signiﬁcant correlation with EA index (r = 0.64)
when no lag is considered. Then, this correlation coefﬁcient decreases

Fig. 7. DJF atmospheric correlation patterns (EA – above; NAO – below) with nLw(555),
river ﬂow, and precipitation from 2000 to 2014. A 0 lag corresponds to the DJF period, 1
to JFM period, and so on. Results with a signiﬁcance level N95% are represented by stars,
N90% by squares, and b90% by empty circles.

continuously until no signiﬁcant values are observed with lags of 2, 3,
and 4 months (Fig. 7). This result is in line with a previous study carried
out by Lorenzo and Taboada (2005), in the southern part of Galicia and
in the Atlantic coast (about 80 km north of the Douro estuary). Regarding the EA inﬂuence on river discharge, signiﬁcant correlations were
found for all lags (r N 0.46) with a maximum (r = 0.54) when 1month lag is considered. This result agrees with the study of deCastro
et al. (2006a, b) for the Minho River (Fig. 1). They found smaller correlation coefﬁcients between the Minho River discharge and EA index
with 0- and 1-month lag (close to 0.40). Signiﬁcant correlation coefﬁcients were observed between EA index and nLw(555) for all lags with
a maximum (r = 0.51) for a 1-month lag. The inﬂuence of EA index
could be related with the prevalence of southerly winds over the shelf,
which tend to maximize the turbid signal near the river mouth
(deCastro et al., 2008a, b; Mendes et al., 2014).
The correlation coefﬁcient between river ﬂow and the NAO index
reaches its maximum value of −0.50 for a time lag of 1 month. This result is in the same line with those obtained by Trigo et al. (2004) for Atlantic Iberian rivers, including the Douro River. Nevertheless, it is
smaller than the one found by these authors from 1978 to 1998 (r =
− 0.76) and smaller than the one obtained for the Minho River by
deCastro et al. (2006a, b) (r = −0.54) from 1970 to 2005. This contrasts
with the tendency for correlations to diminish from south to north over
the region (deCastro et al., 2006a, b; Trigo et al., 2004). However,
deCastro et al. (2006a, b) also found that correlation for the Minho
River decreases in time, reaching values below − 0.4 for periods from
1980 to 2005. The correlation coefﬁcients obtained between precipitation anomaly and NAO index show a similar pattern to correlation between the river discharge anomaly and NAO. Maximum correlation is

408

R. Mendes et al. / Remote Sensing of Environment 194 (2017) 401–411

found at 1-month lag (r = −0.48) and drops to insigniﬁcant values for
subsequent lags (Fig. 7).
The correlation between nLw(555) anomalies and NAO index shows
unexpected results (Fig. 7). A signiﬁcant maximum correlation of −0.42
is reached for a time lag of 3 months, corresponding to early spring
months (MAM). Several physical and biogeochemical processes can
change ocean water turbidity, obscuring the relation between plumerelated turbidity and atmospheric patterns. This correlation could be explained in terms of biological inﬂuence (i.e. coastal blooms) during
spring upwelling events (3-month lags).
March and April nLw(555) composites after a positive and negative
DJF NAO phase are depicted in Fig. 8a, b, respectively. Under a positive
DJF NAO (Fig. 8a), turbid values during the subsequent spring are
lower than after a negative DJF NAO (Fig. 8b). The main differences
were found along the coast, near the river mouth. Medium turbid values
(0.6–1 mW cm−2 μm−1 sr−1) are conﬁned to a short coastal band of
about 10 km after a positive DJF NAO (Fig. 8a) and up to 30 km offshore
after a negative one (Fig. 8b). Phytoplankton blooms are usually a
source of medium turbid values (0.6–1 mW cm−2 μm−1 sr−1) on coastal waters, but signiﬁcantly smaller compared with the turbidity induced
by mid-latitude river outﬂows (e.g. Saldías et al., 2016b).
The positive phase of the NAO (JFM) is characterized by colder, drier
winters and by stronger northerly winds, which favor winter upwelling
events in the Douro coastal region (deCastro et al., 2006a, b; Lorenzo
and Taboada, 2005, deCastro et al., 2008a, b). An increase of northerly
winds, together with a decrease of sea surface temperature and atmospheric conditions, inhibit water-column stratiﬁcation and, combined
with lower nutrient availability, appears to limit the phytoplankton development (Barton et al., 2003). Thus, it is reasonable to assume that
this higher correlation between NAO and nLw(555) at 3-month lag is
due to the upwelling season shift towards winter, which can affect the
magnitude and the timing of coastal spring blooms off the Douro River.
3.5. The anomalous 2004 event
An anomalous turbid patch (values above 3–4 mW cm− 2
μm sr−1) was repeatedly observed in daily nLw(555) images during
autumn 2004 (Figs. 4a and 5a). The evolution of this anomalous event
are presented in Fig. 9. These images show a patch with very high
nLw(555) values unconnected with the Douro River discharge. The turbid feature development starts south of Douro estuary (between the
Douro estuary mouth and the Ria de Aveiro) at about 15 km offshore
on 25 September (Fig. 9), presenting several ramiﬁcations but none of
−1

them suggesting a ﬂuvial origin (26 and 27 September, Fig. 10). The
bloom increases rapidly both in area and in magnitude after 28 September, when nLw(555) reaches values of about 4 mW cm−2 μm−1 sr−1.
Well-developed patterns related to freshwater plume turbidity are unexpected when river discharge is below 500 m3 s− 1 (Mendes et al.,
2014; Teodoro et al., 2009). The daily river discharge between the end
of September and the beginning of October is low (~ 300 m3 s−1), although over the average for September/October (Fig. 4a, b). Spectra of
normalized water leaving radiance taken from the bloom core maximum from all available daily images between 28 September and 12 October are depicted in Fig. 10. At the beginning of this period, after
15 days of upwelling-favorable winds, maxima turbid values are observed in bands near 550 nm (nLw(547) = 3.9 mW cm−2 μm−1 sr−1;
nLw(555) = 3.8 mW cm−2 μm−1 sr−1, Figs. 9 and 10). The intensity
of the water leaving radiance tends to increase in all bands in time,
with a maximum of 8.1 and 7.6 mW cm−2 μm− 1 sr− 1 for nLw(547)
and nLw(555), respectively. The spectra pattern remains unchanged
until 7 October. Afterwards, those turbid features merged into a larger
and brighter bloom with nLw(555) values around 5 mW cm−2
μm−1 sr−1 (11 and 12 October, Fig. 9). On these dates, the bloom core
spectrum is characterized by a peak at 488 nm (7.0 and 5.6 mW cm−2
μm−1 sr−1, Fig. 10) with higher reﬂectance in the blue region, but
with a nLw(555) value higher for the ﬁrst case (Fig. 10). Unfortunately,
the valid MODIS data between 8 and 10 October is insufﬁcient to properly examine the bloom evolution between those contrasting spectra
patterns (Fig. 10).
A biological factor may be responsible or co-responsible for these
very high turbid values. One of the best assumption is a coccolithophore
bloom, which usually causes a very bright patch of water with a turquoise color (IOCCG, 2014; Moore et al., 2012). These blooms can be visible in ocean color images as a result of light scattering by the coccolith
plates detached from cells (from death or overproduction) suspended
in near-surface waters (Moore et al., 2009). The transition from upwelling to downwelling (Summer-Autumn) is often reported to be the most
favorable time for coccolithophore growth (Giraudeau et al., 1993;
Ziveri et al., 1995). This transition is typically observed off the NW Iberian Peninsula during October (Figueiras et al., 2002) and is characterized by intermittent upwelling events, as in Fig. 9. These conditions
promote the conﬂuence of warmer oceanic waters into colder and nutrient rich coastal upwelled waters (Moita et al., 2010; Silva et al., 2009).
Coccolithophore blooms and turbid plumes are usually discriminated by the wavelength peak for reﬂected light, which is around 555 nm
for sediment-dominated waters and 490 nm for coccolithophore

Fig. 8. nLw(555) spring composites (March and April) after a (a) positive and (b) negative NAO winter phase (DJF).
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Fig. 9. nLw(555) daily available images from 26 September to 12 October of 2004.

bloom (IOCCG, 2014; Moore et al., 2012). That is the spectrum shape of
11 and 12 October, indicating that this higher nLw(555) anomaly (Fig.
4a) could be induced by a coccolithophore bloom (Fig. 10). A conclusion
from the spectrum analysis between 25 September and 7 October is still
pending. Nevertheless, the coastal detection of any coccolithophore
bloom will be certainly affected by the background optical properties
of the water during the event. For example, the presence of detritus
and colored dissolved matter can attenuate the reﬂectance in the blue
region, causing a peak shift towards 555 nm, as already reported for a
bloom event in the English Channel (Gordon et al., 2009; Moore et al.,
2012; Smyth et al., 2002).
The real source of these anomalous turbid features during autumn
2004 remains unclear. The detection of coccolithophore blooms apart
from other phenomena related to bright water by remote sensing is a
challenging task. The lack of available in situ data for this period
makes our analysis inconclusive. However, this phenomenon could
give a reasonable explanation of disagreements between the Douro
River discharge and nLw(555) time series for this single case. Despite
these limitations, nLw(555) MODIS imagery can be a useful tool, in combination with satellite imagery of particulate inorganic carbon (PIC)
concentration, to explore other turbid anomalies that can be related to
phytoplankton blooms at higher temporal resolution in the Northwestern Iberian Peninsula.

usually associated with the predominance of upwelling-favorable
winds in winter when precipitation and river discharge are minimum.
• The EA pattern plays a key role on precipitation rate in the Douro
estuary region, being directly correlated with all variables and in
agreement with previous studies. The correlation patterns between nLw(555) and DJF EA index present a peak at 1-month lag
(r = 0.51), as well as with the river discharge (r = 0.54).
• The correlation coefﬁcient between DJF NAO index and Douro
river discharge is high (− 0.50), for a time lag of 1-month. Correlations between nLw(555) and DJF NAO index present a peak of
− 0.42 at 3-month lag. The spring correlation (MAM) is possibly
affected by upwelling season shifts, affecting biological coastal
production.
• An extreme anomalous turbid pattern not related to estuarine
outﬂow was found south of the Douro river mouth during the autumn of 2004. Despite the real source of this event remains uncertain, a coccolithophore bloom could be the most reasonable
explanation.
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