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HYdrodynamique et SEDimentaire, Centre de Bretagne, Plouzané, France

Abstract The influence of Loire and Gironde River discharges over the sea surface temperature (SST) in
the eastern Bay of Biscay (0.6°-36.6°W, 44.2°-47.8°W) was analyzed by means of two complementary data-
bases (MODIS and OISST,,,). The area influenced by river plume showed a different SST when compared
with the adjacent oceanic area for the months when the plume attains its highest extension (December,
January, and February). Ocean was observed to warm at a rate of approximately 0.3°C dec™ ' while tempera-
ture at the area influenced by the rivers cooled at a rate of —0.15°C dec™ ' over the period 1982-2014. The
mere presence of a freshwater layer is able to modulate the warming observed at adjacent ocean locations
since the coastal area is isolated from the rest of the Bay. This nearshore strip is the only part of the Bay
where changes in SST depend on North Atlantic Oscillation (NAO) but not on North Atlantic SST represented
by the Atlantic Multidecadal Oscillation (AMO). These different cooling-warming trends are even more pat-
ent over the last years (2002-2014) under atmospheric favorable conditions for plume enhancement. River
runoff increased at a rate on the order of 120 m®s™ 'dec” ' over that period and southwesterly winds, which
favor the confinement of the plume, showed a positive and significant trend both in duration and intensity.

Thus, the coastal strip has been observed to cool at a rate of —0.5°C dec ™"

1. Introduction

It is an undeniable fact that ocean heat content and temperature have increased worldwide since mid-20th
century [Levitus et al., 2000, 2005, 2012; Belkin, 2009]. Nevertheless, the rate of change is strongly dependent
on the basin as described in Levitus et al. [2000]. Even inside the same basin, coastal areas have shown a dif-
ferent warming rate when compared with ocean areas located at the same latitude, which can be attributed
to different phenomena. Some authors have found important differences between coast and ocean for
areas under strong upwelling conditions [Relvas et al., 2009; Santos et al, 2011, 2012a, 2012b, 2012¢;
deCastro et al., 2009]. Other authors have attributed the observed differences to the presence and displace-
ment of mesoscale structures like the Great Whirl [Santos et al., 2015]. Finally, other authors, [Howden and
Murtugudde, 2001; Vizy and Cook, 2010; Park et al., 2011; Materia et al., 2012] linked the presence of rivers, as
well as the presence of transitional water bodies such as coastal lagoons [e.g., Kozlov et al., 2014], to the dif-
ferent warming or cooling patterns found in some regions. For a full study on SST changes worldwide, the
reader is referred to Lima and Wethey [2012], who detected that 71.6% of the world coastal locations have
experienced a warming trend during the last three decades.

River plumes have a great impact on the characteristics of the adjacent seawater, also affecting the impor-
tant economic activities associated to these areas. Plumes influence the morphodynamics and the ecologi-
cal balance of the affected areas since they transport sediments, contaminants, organic material, and fresh
water, among others. Therefore, changes in river plumes imply modifications in the physical, chemical, and
biological characteristics of seawater. Physical modifications are associated with variations in circulation pat-
terns, stratification, available light, or SST. Chemical modifications are linked to fluctuations in dissolved and
particulate matter. These changes in the properties of seawater promote an associated biological impact
modifying the distribution of the microorganisms as well as the abundance and composition of the species
[Alber, 2002; Cooley and Yager, 2006; Ffield, 2007; Azevedo et al., 2008; Belkin, 2009; de Boer et al., 2009; Vizy
and Cook, 2010; Petus et al., 2010, 2014]. Therefore, the analysis of the river plumes development results
essential for these areas. Nevertheless, the track of the plumes is difficult because its displacement is
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Figure 1. Bathymetry of the region under study. Contour lines represent, 200 and
1000 m isobaths. Red dots mark the location where wind was obtained. Blue aster-
isks mark the location where river discharge was sampled.

Ekman transport [Fennel and Mutzke, 1997; Whitney and Garvine,

influenced by numerous parameters
as outflow inertia, Coriolis effects,
buoyancy, wind, tidal forcing, or
topography [Fong and Geyer, 2001;
Lentz and Largier, 2006; Sousa et al.,
2014]. Although each plume system
has its own variability, some patterns
are  common. Generally, plumes
formed by river discharge induce an
anticyclonic gyre (in the Northern
Hemisphere) with an associated
coastal current. Plume development is
associated with the momentum
advection, the topography of the area
[Yankovsky and Chapman, 1997; Fong
and Geyer, 2002] as well as with
Ekman transport when wind is consid-
ered [Horner-Devine et al., 2015]. In
general, upwelling favorable winds
tend to displace the plume seaward
as a consequence of offshore Ekman
transport,  whereas  downwelling
winds tend to compress the plume
against the coast due to onshore
2005]. Tidal forcing can also influence the

plume dynamics as a constraint factor in plume development [Guo and Valle-Levinson, 2007; Vaz et al.,
2009]. Plumes are usually larger and more turbid under low tides than under high tides [Mendes et al.,
2014]. Moreover, spring-neap tidal cycle also can generate changes in plume spreading in rivers preceded

by large estuaries [Uncles et al., 2002].

The Bay of Biscay is located in the Northeastern Atlantic Ocean covering the West coast of France and
the Northern coast of Spain. The French continental shelf is characterized by a width that varies
between 60 and 160 km widening northward (Figure 1). Numerous studies have focused on SST
trends in the area since 1970s [Koutsikopoulos et al, 1998; Planque et al., 2003; Llope et al., 2006;
Fontan et al.,, 2008; Gomez-Gesteira et al., 2008; deCastro et al. 2009; Michel et al, 2009a,b; Goikoetxea
et al, 2009; Garcia-Soto and Pingree, 2012; Costoya et al, 2015]. All these studies have shown a clear
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Figure 2. Monthly mean area (km?) occupied by the turbid plume formed by
Loire and Gironde Rivers discharges over the period 2002-2014.

warming trend, whose intensity s
dependent on temporal and spatial
scales. In this way, warming intensity is
different depending on the season [e.g.,
deCastro et al., 2009] and on the area
under scope [e.g., Gomez-Gesteira et al.,
2008; Michel et al., 2009b; Costoya et al.,
2015]. In addition, the type of data (in
situ, simulations or reanalysis data)
employed to carry out the studies can
also modify slightly the intensity of
warming. Thus, for example, Michel
et al. [2009a] detected a warming trend
of 0.22°C dec™' and 0.37°C dec™' by
means of ORCA simulations and reanal-
ysis data, respectively.

The main freshwater inputs affecting this
area are provided by the discharge of
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3000] ' I R ] Loire and Gironde Rivers [Puillat et al.,
2004]. Turbid plumes generated by both

:: 25001 rivers can merge forming a great plume
E under high discharge conditions due to
£ 2000/ | the synchronism of both rivers [Koutsiko-
% poulos and Le Cann, 1996; Lazure and
'E 1500 1 Jegou, 1998]. The Loire River has a length
§ of about 1020 km from Mont Gerbier de
% 1000~ 1 Jonc, in the Massif Central, to Nantes at St
5 Nazaire. Its basin occupies about
= 5007 1 117,000 km? with a mean flow of
e T EEFEE ~900 m3s~'. Gironde River (estuary) is

1 2 3 4 5 6 7 8 9 10 11 12 formed by the contributions of Garonne

Month and Dordogne Rivers. Garonne River has a
length of ~600 km from Aran Valley, in
the Pyrenees (Spain), to the Gironde estu-
ary, in Bec d’Ambes, north of Bordeaux. Its
basin occupies about 61,000 km? with a
mean flow of ~500 m3s~'. Dordogne
River has a length of ~485 km from the
Puy of Sancy, in the mountains of
Auvergne, to the Gironde Estuary. lts
basin occupies about 24,000 km? with a

mean flow of ~250 m3s™ ",

2500 T T T . . .

2000

1500

1000

500
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Previous studies about turbid plumes in
the Bay of Biscay have been conducted
0 2 3 4 5 6 7 8 9 10 11 12 by means of numerical models [Lazure

Month and Jegou, 1998], in situ data [Kelly-
Gerreyn et al., 2006; Goénzalez-Nuevo and
Nogueira, 2014], satellite imagery [Petus

Figure 3. Annual hydrologic cycle variability (m*s™") for (a) Loire and (b)
Gironde runoff over the period 2002-2014. Solid black line represents the

monthly average flow and the line inside each box represents the median for et al, 2010, 2014], or by Combining sev-
each month. Lower and upper whiskers show minimum and maximum river eral of these methods [Ferrer et al.,
flow, respective, while lower and upper box indicate first and third quartiles, 2009]. These studies have highlighted

respectively.
P Y that, although Loire and Gironde

plumes are usually oriented to the NW due to Coriolis effect, the development of both plumes
depends mainly on the variability of river runoff and winds [Lazure and Jegou, 1998]. Winds over the
French continental shelf are characterized by a marked interannual variability. Thus, southwesterly
winds prevail from October to March and northwesterly winds from April to September [Puillat et al.,
2004, 2006]. In addition, surface circulation is also important since it affects the plume displacement.
Currents over the shelf are conditioned by wind, density gradients, and tides [Pingree and Le Cann,
1989]. Overall, a poleward circulation prevails during winter in this area [Charria et al., 2013], contribut-
ing to the NW orientation of plumes.

The Moderate Resolution Imaging Spectroradiometer (MODIS) onboard Aqua and Terra satellites provides a
unique and valuable data set to analyze river plumes. On the one hand, radiance measurements provide
information about the extent and features of the plume. On the other hand, SST measurements allow iden-
tifying microscale warming trends that can be correlated with the plume. Ocean color satellite imagery has
been used to analyze river plume development. It allows discerning between turbid water related to river
discharge and ocean water due to their different optical properties [Dzwonkowski and Yan, 2005; Shi and
Wang, 2009; Valente and da Silva, 2009; Saldias et al., 2012]. Thus, several studies related to turbid plumes
have been conducted using this technology all over the world [Walker et al., 2005; Palacios et al., 2009;
Molleri et al., 2010; Petus et al., 2010; Mendes et al., 2014; Fernandez-Névoa et al., 2015]. In addition, satellite
technology has also been used to analyze sea surface temperature (SST) in areas influenced by river plumes
because of the high spatial and temporal resolution provided [Walker et al., 2005; de Boer et al., 2009;
Hopkings et al., 2013].
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Figure 4. Wind rose (ms~") representing DJF winds near (top plots) Loire and (bottom plots) Gironde mouths over the periods (left) 1982-2004 and (right) 2002-2014.

The aim of this study is to analyze the influence of the Loire and Gironde river plume on SST trends on the
Atlantic part of the French continental shelf (eastern Bay of Biscay, 0.6°-36.6°W, 44.2-47.8°W) during
months of maximum plume extension. The analysis will be carried out in terms of radiance and SST meas-
urements (MODIS), combined with SST data provided by the Advanced Very High Resolution radiometer
(OISST,4) and reanalysis data (wind, heat fluxes, ...) provided by the Climate Forecast System Reanalysis
(CFSR). The study combines the high resolution and short duration provided by MODIS with the moderate
resolution and long duration of OISST; 4. SST trends will be correlated with the main drivers (river discharge,
wind variability, and teleconnection patterns) that affect the river plume.

2. Databases and Methodology

2.1. MODIS: Daily Turbidity and SST Data (2002-2014)

As we mentioned above, MODIS is a sensor located onboard Aqua and Terra satellites which provides infor-
mation of several parameters. Normalized water-leaving radiance (nLw) and Sea Surface Temperature (SST)
using 11-12 um channels were selected to develop this study. Both data sets with a resolution of 1 km
were retrieved from the NASA Ocean Color web site (http://oceancolor.gsfc.nasa.gov). Daytime (nLw) data
were considered to evaluate the plume development pattern because water leaving radiance data are only
measured during the day. Nighttime SST data, acquired by infrared bands, were considered because they
have fewer fluctuations due to their independence of the solar radiation.
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MODIS allows selecting several values of nor-
malized water-leaving radiance (nLw). Some
nLw bands (412, 443, 469) were discarded
because their high depth of penetration. The
characterization of the river plume formed
by Loire and Gironde Rivers was carried out
by means of several nLw values (555, 645)
obtaining a similar behavior. Although the
555 nm band (nLw555) provides one of the
strongest turbid signals to determine river
plumes [Nezlin and DiGiacomo, 2005; Nezlin
et al., 2005; Saldias et al., 2012], the 645 nm
band was selected because it has a lower
penetration that allows analyzing shallow
areas preventing bottom influence. A turbid
threshold of 02 mWcm 2um ™~ 'sr™' was
obtained to delimit the turbid river plume
for this band following the methodology
described in Fernandez-Névoa et al. [2015].
SST data were obtained using 11-12 pm
30" o 30 . channels since these bands are located close
to the maximum of the Earth’s emission and
Figure 5. Mean DJF turbid plume (mWcm 2um~'sr ') calculated over have larger bandwidth than other available
the period 2002-2014. The contour line corresponds to the turbid thresh- channels [Reinart and Reinhold, 2008]. This
old (0.2 mWem™?um™~"sr). SST product has been shown to be suitable

to analyze water surface temperatures in
previous studies [Barré et al., 2006; Reinart and Reinhold, 2008; Chavula et al., 2009]. MODIS SST data present
a closely relation to in situ data in coastal zones, representing a good choice to estimate the sea surface
temperature of these areas [Chavula et al., 2009]. Temperature measurement takes place in the superficial
part of the sea, therefore the possible bottom influence is not a problem even in very shallow areas [Barré
et al., 2006]. In addition, to avoid possible problems in the water-land interface, a mask was applied to the
pixels located in that area for both products (nLw and SST).

Daily nLw645 and SST images from MODIS-Aqua and MODIS-Terra were merged following Mendes et al.
[2014]. This allows obtaining a larger number of available pixels increasing the consistency of the study.
These merged images were then interpolated into a regular mesh (0.01° X 0.01°). Monthly SST trends were
calculated assuming linear regression.

2.2. OISST,,, Data (1982-2014)

Daily SST values and their associated errors were also obtained from the OISST,,, daily SST database
[Reynolds et al., 2007]. Only data from the AVHRR sensor was used since it is located on board NOAA polar-
orbiting satellites and provides an uninterrupted SST data series since March 1981 from the same class of
instrument [Casey et al., 2010]. In addition, this database uses in situ data from ships and buoys to construct
a regular global grid by means of a special form of kriging called Optimal Interpolation. This procedure
retains large-scale correlation structures and allows assimilating very sparse data coverage [Reynolds, 2009;
Reynolds and Chelton, 2010]. Version 2 of this SST product was selected in this study. It includes bias adjust-
ments of satellite and ship data using buoys data. Daily files with a spatial resolution of 0.25° X 0.25° were
retrieved from the NOAA website (http://www.ndc.noaa.gov/sst/). Daily SST values were averaged at
monthly scale in order to calculate SST trends assuming linear regression.

Two SST products (MODIS and OISST,,,) were used to carry out this study. Both products are mainly con-
structed by means of SST data collected by infrared sensors (MODIS and AVHRR sensors). In fact, MODIS sen-
sor, which provides a higher spatial resolution and also a greater spectral resolution, is considered a
successor of AVHRR sensor. The main difference is that MODIS database only uses remote sensing data,
while OISST, 4 database also includes data from ships and buoys that are used to prevent biases in satellite
data with a post processing procedure to construct a global regular grid. Thus, the study combines the
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Figure 6. Mean DJF SST (°C) calculated over the period 2002-2014; (a)
OISST 4 (b) MODIS.

high-resolution and short-duration provided
by MODIS with the moderate resolution and
long duration of OISST, 4.

2.3. CFSR: Wind and Heat Fluxes Data
(1982-2014)

Wind and heat fluxes data were obtained
from NOAA's National Operational Model
Archive and Distribution System (NOMADS),
which is maintained at NOAA's National Cli-
matic Data Center (NCDC) [Saha et al., 2010].
The used database was the Climate Forecast
System Reanalysis (CFSR) developed by
NOAA's National Centers for Environmental
Prediction (NCEP) (http://rda.ucar.edu/pub/
cfsr.ntml). CFSR provides a 0.3° X 0.3° X 6 h
resolution, covering the atmosphere, ocean,
sea ice and land.

CFSR wind data were chosen because it
presents a great correlation with buoy meas-
urements [Alvarez et al., 2014]. Wind data at
a reference height of 10 m were daily aver-
aged for two locations near Gironde and
Loire mouths (Figure 1, red dots).

Heat fluxes (shortwave, longwave, latent
heat, and sensible heat) were also obtained
from the CFSR database at monthly scale.
The net heat flux (Qy) through the ocean sur-
face was calculated following equation (1):

Qr=Qsw+Quw+Qs+Q; (1

where Qs is the shortwave flux, Q. is the
longwave flux, Qs is the sensible heat flux,
and Q_ is the latent heat flux. A negative
(positive) heat flux implies that ocean is los-
ing (gaining) heat.

2.4. River Discharge Data

Daily runoff data for Loire and Gironde Rivers
were obtained from the Banque Hydro
French Database (http://www.hydro.eau-
france.fr/). River runoff is available over the
period 1997-2014 for the Gironde and 1982-
2014 for the Loire. The Gironde discharge

was obtained as the sum of Dordogne and Garonne Rivers discharge. Daily data were averaged at monthly
scale. River discharge data were sampled at the positions marked with blue asterisks in Figure 1.

2.5. NAO and AMO Indices (1982-2014)

The Atlantic Multidecadal Oscillation (AMO) and the teleconnection index for the North Atlantic Oscillation
(NAO) were obtained from the Climate Prediction Center at the National Center of Environmental Prediction
(http://www.cpc.noaa.gov). NAO is the most prominent teleconnection pattern in the Eastern North Atlantic
region during winter [Barnston and Livezey, 1987]. It consists of a dipole with one center located over Green-
land and the other over a region spanning between 35 and 40°N, in the central North Atlantic. The differ-
ence in geopotencial anomalies between both regions is used to calculate NAO index. AMO is a mode of
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multidecadal variability in SST occurring in the North Atlantic Ocean. It is calculated from averaging SST
anomalies in the Atlantic north of the equator [Enfield et al., 2001].

3. Results

The monthly area occupied by the turbid plume generated by Loire and Gironde Rivers (averaged
from 2002 to 2014) is shown in Figure 2. River plume extension is higher from December to February
with values over 25,000 km?. In general, those months are characterized by high river discharges (sur-
Dec-Feb 1 passing '100(') m’s~" for both rivers) as
Trend (Cdec ) shown in Figure 3. However, there are
0.5 other months (especially spring months)
characterized by high river discharges
where the river plume is considerably
smaller. This fact implies that other factors
besides the river discharge can also modu-
late the river plume. The second main fac-
tor that conditions the extension of the
river plume is wind [Mendes et al., 2014;
Fernandez-Névoa et al., 2015]. Wind direc-
tion is mainly southwesterly from Decem-
ber to February as shown in Figure 4.
Taking into account the coast orientation,
southwesterly winds tends to accumulate
material provided by river discharge near
coast and to decrease cross-shore trans-
port and dilution [Chao, 1988; Mendes
et al, 2014]. This behavior favors the
retention and maintenance of the plume
on a large area. Due to this fact, the fur-
ther analysis will be focus on December-
February (DJF) when the extent of the
plume attains the highest values.

The mean DJF plume averaged over the
period 2002-2014 is shown in Figure 5. It has
an offshore extension of 100 km and maxi-
mum turbid values on the order of 2
mWcm ™2 um ™" sr™ ! near Loire and Gironde
estuaries. In addition, a band of high turbid
values (exceeding 1 mWem 2um™ 'sr™ ') can
be observed near coast between Loire and
Gironde Rivers. Dark solid line corresponds
to the threshold of 0.2 mWcm 2 pm ™' sr™ '
mentioned above.

The mean DJF SST field calculated from
OISSST, 4 data and averaged over the period
2002-2014 is shown in Figure 6a. Minimum
values (close to 9.5°C) are located near the
mouth of both rivers. In addition, a band
with low temperatures (below 10.5°C) can
also be observed near coast between Loire
and Gironde estuaries. This fringe of low
temperature is very similar to the fringe of

Figure 7. DJF SST trends (°C dec ") calculated over the period 2002
2014; (a) OISST 4. (b) MODIS. Contour line corresponds to null trend. Black
dots represent grid points with significance higher than 90%. high turbid values in the area occupied by
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° -1 the plume (Figure 5), which suggest that the
Trend ( C dec ) coldest SST values are related to the distribu-
=5 _ 0.3 tion of the turbid plume. In fact, there is a
; considerable difference (greater than 3°C)
between the area more influenced by the
turbid plume, with values below 10°C, and
the area outside the plume influence, with
values above 13°C. The mean DJF SST field
calculated from MODIS data over the same
period (Figure 6b) is very similar to the one
calculated from OISSST, 4 data although with
small differences in some areas. Thus, for
example, a band of low temperatures close
to 9.5°C was detected along the whole coast
and not only at Loire and Gironde estuaries
as provided by OISST; 4.

Dec-Feb

- 10.15

DJF SST trends were calculated over the
period 2002-2014 using OISSST,,4 (Figure
7a) and MODIS (Figure 7b) data. DJF SST
-0.15 trends calculated using the OISST,,4 show a
continuous cooling along the French coast

o B H _ o
Figure 8. DJF SST trends (°C dec ") calculated over the period 1982-2014 nort_h1 of 45°N. The hlgheSt coollng. ( 0.5°C
with OISST, 4 data. Contour line corresponds to null trend. Black dots rep- dec™ ') was observed close to Loire estuary

resent grid points with significance higher than 90%. and north of Gironde estuary. This cooling

strip contrasts with the warming observed
for the rest of the area. In spite of the limited length of the series (only the period with available MODIS
data were considered), trends are observed to be significant at 90%. DJF SST trends calculated from MODIS
data (Figure 7b) show a similar pattern with a moderate cooling in most of the area influenced by the
plume and a warming, reaching values close 0.5°C dec ™, outside the river plume area. Obviously, the signal
is noisier than the one calculated with OISST,,4. We should note that MODIS data are obtained at a much
finer resolution (~0.01° instead of 0.25°) and have not been interpolated in such a way that voids due to
cloud coverage or satellite malfunction can limit the number of available data at some grid point and bias
trends at those locations. Despite these constraints that limit the efficiency of MODIS data to calculate SST
trends, an almost continuous strip of cooling was observed between Loire and Gironde estuaries. The com-
parison of SST trends from OISST,,, and MODIS data show that cooling is observed in the area under plume
influence independently of the database.

3 'WO' 20 30’ 100 30'

Both databases have shown similar mean and trend patterns (Figures 6 and 7). This allows extending back
the period of study to the total length of OISST,,, database (1982-2014). The pattern depicted in Figure 8 is
similar to the one described in Figure 7 but covering a longer period. Overall, warming (~0.3°C dec™ ") was
observed in most of the area under scope, with the exception of small nearshore zones close to the mouths
of Gironde and Loire, where a maximum cooling rate of approximately —0.15°C dec” ' was observed. In
summary, coastal cooling is maintained even when the period under study is extended to the last 30 years.
This phenomenon is not a particular event that occurs only during the short period of time covered by
MODIS data.

DJF trends in total heat flux (Figure 9a) calculated over the period 1982-2014 show a similar pattern to the
one observed for DJF SST trends (Figure 8). Ocean trends range from —7 to —11 W m~2 dec™ " whilst the
trend in the nearshore strip ranges from —3 to —5 W m ™2 dec” . Note that ocean loses heat during DJF, so
a negative trend means that the loss rate has increased. So, ocean is losing heat now at a higher rate than
three decades ago. Following Somavilla et al. [2009], the radiative term can be neglected in DJF because
shortwave and longwave fluxes balance each other. In this sense, changes in the total heat flux are mainly
due to changes in the turbulent term (latent and sensible fluxes). In addition, Somavilla et al. [2009] also
state that DJF sensible heat flux is close to zero being negligible when compared with the latent heat flux.
Thus, the pattern depicted in Figure 9b, where only latent heat flux has been considered, is very similar to
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QT trend (W m dec'l)

Figure 9. DJF trends in heat fluxes (W m 2 dec ") calculated over the
period 1982-2014 with CFSR data. (a) Total heat; (b) Latent heat. Black
dots represent grid points with significance higher than 95%.

4. Discussion

the one depicted in Figure 9a for the total
heat fluxes. In both cases (total heat and
latent heat), only ocean trends are statisti-
cally significant at 95%.

Differences between ocean and coastal areas
can be analyzed in terms of oceanic (AMO)
and atmospheric (NAO) indices. The influence
of AMO on SST anomaly was studied (Figure
10a) for DJF over the period 1982-2014. The
correlation between both signals is close to
zero in the area affected by the river plume
while it is significantly positive for the rest of
the region. This fact evidences that the near-
shore strip influenced by Loire and Gironde
discharges follows a different SST behavior
when compared to the oceanic part of the
bay. We should note that AMO represents the
SST anomaly of the North Atlantic. The lack of
correlation with the coastal zone close to Loire
and Gironde Rivers proves that the SST at that
particular area is more dependent on coastal
than on oceanic features. The influence of
NAO index on SST anomaly over the area
under scope was also considered under the
temporary conditions described above. Figure
10b shows significant positive correlation
(>0.4) between SST NAO index for the months
under study only in the area influenced by the
river plume, which evidences its influence on
coastal SST. The Bay of Biscay is a transition
zone located between the centers that defined
NAO index [Massei et al, 2010]. This fact
explains the lack of significant correlation for
most of the bay. Winter NAO index influences
the weather conditions of the North Atlantic in
terms of heat, wind, and rainfall [Hurrell et al.,
2003; Larroudé et al,, 2013]. So, the relationship
between NAO and SST in the area influenced
by river plume is complex since there different
mechanisms can be involved, such as wind
direction that influences the extension of river
plume or precipitation, which is related to river
flow. Therefore, changes in the atmospheric
circulation pattern in the North Atlantic can
influence SST variability in the oceanic area
affected by Loire and Gironde river plumes
throughout variations in wind direction and
changes in precipitation.

The area affected by Gironde and Loire Rivers has shown different winter SST trends when compared with
the adjacent oceanic part of the Bay of Biscay. Overall, SST tends to warm at the oceanic part and to cool
slightly at the part influenced by rivers (Figure 8). This fact is corroborated by heat flux patterns and by the
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Figure 10. Correlation between DJF NAO (a), DJF AMO (b) indices and DJF
SST anomaly over the period 1982-2014. Black dots represent grid points

with significance higher than 95%.

dependence on atmospheric and oceanic
indices. Thus, the coastal area where both
rivers flow into the ocean is the only part of
the Bay where SST depends on NAO but not
on the SST of the North Atlantic represented
by AMO. In the same way, Figures 7 and 8
show that coastal cooling is limited to the
north of 45°. Previous studies that analyzed
wintertime SST trends in this coastal area
over a similar period are not conclusive.
Gomez-Gesteira et al. [2008] mentioned that
coastal warming is negligible along the
French coast over the period 1985-2005 dur-
ing winter and fall, while they observed a
high increase during spring and summer.
However, Planque et al. [2003] showed that
warming was greater in the southeastern
corner of the Bay during winter.

In a wider context, there are several drivers
that can cause different coastal SST trends
when compared with the ones observed at
adjacent oceanic areas. Possibly, coastal
upwelling is the most studied cause [Relvas
et al.,, 2009; Santos et al., 2011, 2012a, 2012b,
2012c; deCastro et al., 2009]. Nevertheless,
upwelling is not a key phenomenon in the
area, especially in winter. The southeastern
corner of the Bay is characterized by a high
continental influence during summer due to
the concavity of this area [Valencia et al,
2003, 2004; Costoya et al., 2015]. However,
advection from land to ocean was also dis-
carded in the area following Cattiaux et al.
[2011]. Different authors have identified the
presence of large rivers as the main cause of
unusual cooling [Howden and Murtugudde,
20011 or warming [Belkin, 2009; Vizy and
Cook, 2010; Park et al,, 2011; Materia et al.,
2012]. The importance of the river discharge
can be put into context for the particular
case under study since the combined dis-
charge of both rivers (~2500 m3s~") is
higher than the flow per kilometer of coast
of upwelled water observed for the main
upwelling systems over the world [Patti
et al., 2008].

The mechanism proposed by different
authors [Belkin, 2009; Vizy and Cook, 2010;
Park et al, 2011; Materia et al, 2012] to

explain the especially intense surface warming observed at certain areas affected by large rivers is based on
the development of a buoyant surface layer that traps solar radiation and enhances vertical stratification.
The mechanism is strengthened by positive feedback since the partially isolated surface layer is warmed by
solar radiation that increases surface temperature which results in density decrease and hence
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reinforcement of stratification. These

Table 1. Trends in Wind Intensity and Duration and in River Discharge® . R .
previous studies are focused on spring-

Area 2002-2014  1982-2014 . T ?
summer periods when riverine water is

SW winds  Duration (d dec™ ") Loire 1 = th f<h ter. A simil
. 15 ~ warmer than offshore water. A similar
Intensity (ms™'dec” ') Loire 1.6%* = mechanism can be invoked in the pres-
- Gironde 1.6% - ent study. The river plume is much

River Runoff (m’s™ 'dec” ') Loire 126 —40 .

Gironde 122 n/a fresher and colder (Figure 6) than the

surrounding water. In spite of the possi-
ble existence of a thermal inversion
near surface [Koutsikopoulos and Le
Cann, 1996], the stability of the water
column is kept due to the continuous supply of freshwater. Overall, the surface water near coast is cooled
by the atmosphere but vertical mixing is inhibited by density differences produced by near surface fresh
water. Thus, in a context of global warming, offshore water warms at a much higher rate than near shore
water. Here, the positive feedback mechanism mentioned for other areas is no longer valid since surface
water tends to cool and surface density to increase. In addition, the combined discharge of both river is
rather moderate when compared to the rivers considered in the studies mentioned above (Congo, Amazo-
nas or Yangtze). Thus, in spite of the shallowness of the area, the zone affected by the river plume is much
smaller than observed for those large rivers.

“Values with null trends are marked with -. Statistical significance at 95% ||
99% is marked with * || **,

Previous research carried out at other locations [Mendes et al., 2014; Fernandez-Névoa et al., 2015] has
proved that the extension of the plume is strongly dependent on river runoff and prevailing winds. The role
of winds in the area is also corroborated by different works [Lazure and Jegou, 1998; Puillat et al., 2004,
2006]. In the present case, changes in DJF river runoff over the period 1982-2014 can be considered negligi-
ble for Loire River (on the order of —40 m3s~ 'dec™ ). Actually, the observed trends are not statistically sig-
nificant and strongly dependent on the length of the series. To remove or add a single year can drive the
trend from positive to negative (or vice-versa). River runoff increases at a rate on the order of
120 m3s~ 'dec " (still not significant) when considering the last period (2002-2014), which coincides with a
stronger coastal cooling as shown in Figure 7. As we mentioned above, the area affected by the plume has
little horizontal mixing with the rest of the area due to the prevailing winds that tend to compress the
plume decreasing the cross-shore transport and dilution [Chao, 1988; Mendes et al., 2014]. This behavior
favors the retention and maintenance of the plume on a large area, partially isolated from the rest of the
bay. Changes in the duration and intensity of prevailing DJF Southwesterly winds were also analyzed at the
stations located close to the mouth of Gironde and Loire Rivers (Table 1). Null trends were observed for
duration and intensity of these winds over the period 1982-2014. Nevertheless, trends are positive and sig-
nificant (Table 1) when considering the short period 2002-2014. SW winds tend to intensify and be more
frequent during this period. This results in a higher compression and retention of the plume near coast
which, in turns, results in a more marked cooling in that area as depicted in Figure 7. Although tidal forcing
also affects plume development, its influence on plume spreading is balanced over time because it has a
cyclic effect on plume dynamics.

In summary, we can conclude that the extension of the plume has experienced little changes over the
period 1982-2014. Thus, at coastal areas, the mere presence of a freshwater layer is able to modulate the
warming observed at the adjacent ocean locations even in absence of significant changes in the properties
of the plume like its extent or freshwater content. The ocean area warms while the coastal area suffers a
light cooling with low significance. The mechanism is reinforced during periods when river discharge and
SW winds are over their mean values (e.g., 2002-2014). This results in a significant cooling in the area influ-
enced by freshwater input.
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