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Abstract:  
 
There is now a strong scientific consensus that coastal marine systems of Western Europe are highly 
sensitive to the combined effects of natural climate variability and anthropogenic climate change. 
However, it still remains challenging to assess the spatial and temporal scales at which climate 
influence operates. While large-scale hydro-climatic indices, such as the North Atlantic Oscillation 
(NAO) or the East Atlantic Pattern (EAP) and the weather regimes such as the Atlantic Ridge (AR), 
are known to be relevant predictors of physical processes, changes in coastal waters can also be 
related to local hydro-meteorological and geochemical forcing. Here, we study the temporal variability 
of physical and chemical characteristics of coastal waters located at about 48°N over the period 1998-
2013 using (1) sea surface temperature, (2) sea surface salinity and (3) nutrient concentration 
observations for two coastal sites located at the outlet of the Bay of Brest and off Roscoff, (4) river 
discharges of the major tributaries close to these two sites and (5) regional and local precipitation data 
over the region of interest. Focusing on the winter months, we characterize the physical and chemical 
variability of these coastal waters and document changes in both precipitation and river runoffs. Our 
study reveals that variability in coastal waters is connected to the large-scale North Atlantic 
atmospheric circulation but is also partly explained by local river influences. Indeed, while the NAO is 
strongly related to changes in sea surface temperature at the Brest and Roscoff sites, the EAP and the 
AR have a major influence on precipitations, which in turn modulate river discharges that impact sea 
surface salinity at the scale of the two coastal stations. 
 
Highlights 

► The variability of coastal waters is related to large and local-scale forcing ► Teleconnection 
patterns and weather regimes explain the coastal waters variability ► North Atlantic Oscillation and 
East Atlantic Pattern impact European coastal waters ► The weather regimes explain the variability of 
European coastal waters during winter 

Keywords : Coastal systems ; Climate variability ; Large-scale hydro-climatic indices ; River inputs ; 
Time-series ; Weather regimes 

http://dx.doi.org/10.1016/j.jmarsys.2014.05.019
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1. Introduction 

 

Coastal systems are among the most important systems of the ocean both ecologically 

and economically (Costanza, 1997) and the influence of global, regional and local climate-

driven processes on the variability of their physical, chemical and biological characteristics is 

now well documented (e.g. Goberville et al., 2010; Harley et al., 2006). However, coastal 

areas are highly complex and dynamic ecosystems. The response of coastal systems to climate 

influence could occur in a nonlinear way (Breton et al., 2006) and cross-scale interactions, by 

changing the pattern–process relationships across scales, could have important influences on 

ecosystems processes (Peters et al., 2007). Assessing and quantifying the relative 

contributions of both large-scale and local-scale processes to this variability remains therefore 

challenging and of paramount importance to better detect, understand and anticipate potential 

changes in the state of coastal systems in the context of climate change (Harley et al., 2006). 

The coastal systems of Western Europe are interesting case studies. At a large scale, 

they are connected to the eastern boundary current (e.g. Arhan et al., 1994) fed by the North 

Atlantic drift and are impacted by the westerlies blowing over the Atlantic basin, which bring 

wet atmosphere to the continent. These two processes explain the typically mild winters in 

Western Europe (e.g. Bojariu and Reverdin, 2002; Garavaglia et al., 2010; Guintoli et al., 

2013; Seager et al., 2002). At a local scale, the region is characterized by intensive weathering 

of rocks and soils due to abundant precipitation, especially during winter. Winter precipitation 

generates intensive nutrient loadings from the terrestrial realm to the aquatic system (Dürr et 

al., 2011; Meybeck et al., 2006; Tréguer and De La Rocha, 2013) and contributes to high 

nutrient standing stocks in coastal waters. These high nutrient concentrations directly support 

large phytoplankton blooms during the spring period (e.g. Beucher et al., 2004; Del Amo et 

al., 1997; Quéguiner and Tréguer, 1984). According to the Intergovernmental Panel on 

Climate Change (2007), the projected global increase in temperature could result in a number 

of impacts on the hydrological cycle, including changes in precipitation (Labat et al., 2004). 

Precipitation rate could be directly influenced by changes in atmospheric circulation and the 

increase in evaporation associated with warmer temperatures (Labat et al., 2004). As a 

consequence, changes in continental runoff and associated river discharges of nutrients are 

expected, placing potential further stress on coastal systems already affected by 

eutrophication (Diaz and Rosenberg, 1995; Dussauze and Ménesguen, 2008; Selman et al., 

2008). 
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In this study, we examined the contribution of large-scale and local-scale processes to 

the physical and chemical variability of the coastal waters of two macrotidal systems. The 

study region is located at about 48°N and adjacent to the Armorican peninsula (in Western 

Europe; Fig. 1): the Bay of Brest and the Roscoff coastal zone. These two sites present local 

hydro-climatological and topographic peculiarities. First, both topographic (i.e. low altitude) 

and geologic constraints (impermeable rocks mostly unbroken; Mougin et al., 2008) limit the 

catchments’ areas. Second, the small surface area of the catchments causes them to feed small 

streams and, in opposition to estuarine waters, these coastal waters remain almost marine 

(Delmas et al., 1983; Le Jehan et al., 1984). We first described the physical (temperature and 

salinity), chemical (nutrients) and hydrological (precipitation and river discharge) variability 

in the two coastal sites from 1998 onwards, using data from four monitoring programs: (1) the 

Service d’Observation en Milieu LITtoral (SOMLIT program) (2) the Mesures Automatisées 

en Réseau pour l'Environnement et le Littoral (MAREL observing network), (3) the 

ECOFLUX network and (4) the Meteo-France network. These monitoring programs are 

described in some detail in the next section. Focusing on the winter months (December-

January-February; hereafter DJF), we then investigated as to what extent large-scale and 

local-scale processes influence the variability of these coastal waters. In addition to the 

common large-scale teleconnections (e.g. the NAO), we also consider winter weather regimes 

indices. Weather regimes have been shown to be efficient in capturing the interannual and 

decadal variability of surface forcing (Cassou et al., 2011; Minvielle et al., 2011). These 

regimes, via their associated surface wind anomalies, may influence the ocean circulation and 

upper ocean properties in the North Atlantic Ocean (Barrier et al., 2013; Barrier et al., 2012; 

Häkkinen et al., 2011) and may affect precipitation patterns, which in turn modulate the 

volume of river discharge (Goberville et al., 2010; Milliman et al., 2008). However, while 

many studies have dealt with the influence of large-scale processes on coastal systems (e.g. 

Goberville et al., 2010; Harley et al., 2006), weather regimes have been seldom used to 

identify and quantify such forcing. 

 

================================================================== 

Figure 1 

================================================================== 
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2. Material and Methods 

 

2.1. Environmental database 

 

Times series at 48°N (western Brittany): 

SOMLIT. SOMLIT is a French marine monitoring network (http://somlit.epoc.u-

bordeaux1.fr). It provides more than 20 core parameters of the marine environment collected 

manually and analyzed in laboratory. A protocol has been established so that sampling is 

carried out at sub-surface and in constant tidal conditions at high tide: (1) weekly and at -2 m 

at the Brest station (Fig. 1, 48°21’29” N, 4°33’05” W), (2) twice a month and at -1m at the 

Astan station (Fig. 1, 48°46’40” N, 3°56’15” W). Values were obtained with a precision of 

about ±0.02°C for sea surface temperature (SST) and ±0.005 PSS-78 (hereafter pss) for sea 

surface salinity (SSS). Nutrient concentrations were measured by colorimetric methods 

according to Tréguer and Le Corre (1976) for silicic acid and Aminot and Kerouel (2007) for 

nitrate. Concentrations were determined with a precision of 3% and 5% for silicic acid and 

nitrate, respectively. Note that the percentage of available data is not always optimal in Astan 

because of the dependency on meteorological conditions during sampling (Goberville et al., 

2010).  

MAREL. MAREL is a French marine monitoring network based on the use of an 

automated buoy equipped with physical and chemical sensors 

(www.ifremer.fr/dtmsi/programmes/marel). The MAREL-Iroise buoy (Fig. 1, http://www-

iuem.univ-brest.fr/observatoire/observation-cotiere/parametres-physico-chimiques/testpeg) 

provides 6 core-parameters of the marine environment at -2 m every 20 minutes in an 

autonomous mode (48°21’29”N, 4°33’05”W; for data viewing see: 

http://www.ifremer.fr/difMarelStanne/). The multiparameter probe is a C/T/D/TBD/DO/Fluo 

probe NKE equipped with an electrolysis chloration system that allows an efficient cleaning 

of sensors and guarantees measurement precision over a 3-month period. Quality control was 

conducted (1) by performing pre- and post-deployment metrology assay of sensors to examine 

both the linearity and the exactitude of the data and (2) by comparing MAREL-Iroise and 

SOMLIT-Brest data. Sea surface temperature and sea surface salinity were determined with a 

precision of ±0.1°C and ±0.3 pss, respectively.  

ECOFLUX. ECOFLUX is a river monitoring network (www-iuem.univ-

brest.fr/ecoflux) that collects samples at the mouth of rivers of Western Brittany on a weekly 
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basis, for determination of nutrient concentrations. Water samples were collected at the sub-

surface (between 0m and -1m) and stored at 4°C for silicic acid or frozen (-20°C) for nitrate. 

Nutrient concentrations were measured by colorimetric methods (see SOMLIT section). 

Freshwater flux of the Aulne and the Elorn rivers were gauged daily by the Agence de l’eau 

Loire-Bretagne (www.hydro.eaufrance.fr/). The watershed surface is 1224 km
2 

for the Aulne, 

260 km
2
 for the Elorn, and 141 km

2
 for the Penzé. During the study period (from March 1998 

to March 2013), the annual mean water discharge (Q; in m
3
s

-1
) at the gauge station (Fig. 1) 

was 24.41, 5.97, and 3.22 for the Aulne, the Elorn and the Penzé, respectively. Herein, we 

considered the sum of the discharge of the Aulne and the Elorn rivers (hereafter named the 

Aulne+Elorn) to estimate the volume of water discharge to the Brest site.  

 

Times series at 50°N (north-western English Channel):  

To compare with the monthly variability in SST and SSS at both SOMLIT sites, we used 

long-term observations carried out at two stations located at about 50°N in the Western 

English Channel (Fig. 1). SST and SSS have been sampled since 1988 at the L4 station 

(50°15' N, 4°13’ W) by the Plymouth Marine Laboratory 

(http://www.westernchannelobservatory.org.uk). Because sampling protocol changed in 2002, 

we focused on the period 2002-2012 for consistency in the analysis (Smyth et al. 2010). 

Values were obtained with a precision of about +0.0018°C for SST and +0.01pss for SSS 

(Smyth et al. 2010). In addition, we used SST data recorded at the Weymouth station (50°37' 

N, 2°27' W) since 1966 by the Centre for Environment, Fisheries & Aquaculture Science 

(CEFAS) and focused on the period 1998-2012. The temperatures are recorded to at least an 

accuracy of ±0.2°C (http://www.cefas.defra.gov.uk). As the L4 station is periodically affected 

by inputs of the Tamar estuary, we downloaded river discharge data from the Centre for 

Ecology & Hydrology (http://www.ceh.ac.uk/data/nrfa). 

 

North-East Atlantic:  

The large-scale ARIVO (Analyse, Reconstruction et Indicateurs de la Variabilité Océanique: 

von Schuckman et al., 2009) gives gridded fields of temperature and salinity. Data are 

obtained by optimal analysis of in-situ observations, including ARGO observations but also 

data from CTD observations, drifting buoys and moorings. XBT and XCTDs are not included 

because of large uncertainties in the fall rate. Monthly fields of salinity and temperature are 

provided from 2002 to 2012 at the ARGO horizontal resolution (0.5 degree). 
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2.2. Large-scale hydro-climatic indices: teleconnection patterns and weather regimes 

 

Large-scale atmospheric variability is traditionally assessed by decomposing sea-level 

pressure anomalies into Empirical Orthogonal Functions (EOFs, Hurrell 1995) and the 

resulting modes of variability (or teleconnections) are associated with a spatial pattern and a 

time-series. In this study, we selected two large-scale hydro-climatic indices to examine their 

potential influence on the variability of Brest and Astan sites: the North Atlantic Oscillation 

(NAO, Hurrell 1995) and the East Atlantic Pattern (EAP, Barnston and Livezey 1987). We 

acknowledge that a large set of large-scale indices of climate forcing exists (Drinkwater et al. 

2010) but we only focused here on indices known to significantly influence Western Europe 

(Hurrell 1995, Msadek and Frankignoul, 2009) and whose variability is consistent with our 

period of investigation. 

The NAO characterizes the in-phase fluctuations of sea-level pressure anomalies between 

the Icelandic Low and the Azores High. Positive NAO conditions are characterized by 

strengthened midlatitude westerlies and trade winds and by a tripolar air-temperature anomaly 

pattern with warmer temperatures in the subtropics and Greenland-Iceland-Nordic Seas and 

colder temperatures in the Labrador Sea (Cayan, 1992). The EAP is defined by a center of 

action over 55°N and from 20°W to 35°W. Its positive phase is characterized by cyclonic 

wind anomalies centered in the eastern North Atlantic (Barnston and Livezey, 1987). The 

EAP has a strong impact in Western Europe by influencing sea surface temperature 

(Goberville et al., 2013) or modulating mean precipitation rates and hydrological processes 

(Bojariu and Reverdin, 2002; Msadek and Frankignoul, 2009; Yang et al., 2005).  

 

================================================================== 

Figure 2  

================================================================== 

The spatio-temporal variability of these teleconnections is obtained by multiplying the 

time-varying index, with negative and positive values since time indices are most often 

centered on a mean of 0, by the spatial pattern. However, while such decomposition assumes 

that the modes are symmetric, Cassou et al. (2004) demonstrated that this assumption does not 

hold for all teleconnections (e.g. the NAO, dominant mode of variability in the North 

Atlantic; Hurrell 1995) and argued for a non-linear consideration of the atmospheric 

variability to better characterize the effects of large-scale forcing. To overcome this 
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limitation, an alternative is to decompose the large-scale atmospheric variability into weather 

regimes (WRs), which are recurrent, quasi-stationary large-scale atmospheric patterns 

(Cassou et al., 2011; Cassou et al., 2004; Michelangi et al., 1995; Vautard, 1990 among 

others). These WRs account for the existence of preferred large-scale spatial states of the 

extra tropical atmosphere set by the stationary waves (Molteni et al., 1990) and this 

framework allows to get rid of orthogonality and symmetry constraints peculiar to classical 

modes of variability (Cassou et al. 2004). Weather regimes are determined using daily mean 

sea level pressure (SLP) anomalies extracted from the NCEP reanalysis 

(http://www.esrl.noaa.gov/; Kalnay et al., 1996) from December 1957 to March 2012, 

following the methodology described in Barrier et al. (2012) and in annex C. 

 

 The four WRs we calculated (Fig. 2c-f & Fig. 3) are similar to those depicted by Barrier 

et al. (2012). NAO+ (Fig. 2c & 3a) and NAO- (Fig. 2e & 3b) are the positive and negative 

phases of the NAO. The Scandinavian Blocking regime (BLK; Fig 2f) is characterized by (1) 

negative anomalies centered in Greenland and (2) positive anomalies centered in Northern 

Europe (Fig. 3c). The Atlantic Ridge (AR; Fig 2d) is characterized by anticyclonic anomalies 

centered in the eastern North-Atlantic and can be considered as a negative phase of the EAP 

(Fig. 3d). A detailed description of the surface forcing associated with these regimes is given 

by Barrier et al. (2013). Monthly correlation distances to WR were determined from 1979 to 

2013 (Fig. 2c-f) using the WR patterns (Fig. 3) as follows: for each DJF month, the spatial 

correlations between the monthly mean SLP anomalies and the centroids (i.e. their 

climatological mean states, Fig. 3) were computed. Note that the WR indices can be 

interpreted as the degree of likeness between the monthly mean SLP anomalies and the 

centroids: a value of 1 indicates that the anomalies perfectly project onto the WR centroid, 

while a correlation of 0 indicates no similarity. 

 

To compare the weather regime framework with the traditional decomposition in modes of 

variability (i.e. teleconnection indices), all the computations performed using the regime 

indices are also performed using the teleconnection indices provided by the NOAA 

(http://www.cpc.ncep.noaa.gov/ data/teledoc/telecontents.shtml) 

 

================================================================== 

Figure 3 

================================================================== 
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2.3. Correlation analysis 

 

The Pearson linear correlation coefficient was used to assess the relationships between 

the coastal to marine environment, regional precipitation, local river discharges, 

teleconnection indices and winter weather regimes. The coefficient of determination (r
2
) was 

calculated from the coefficient of linear correlation (r) to measure how much of the variability 

of a given variable was explained by the other one (Legendre and Legendre, 1998). 

Probabilities were estimated and the Box and Jenkins (1976) autocorrelation function 

modified by Chatfield (1996) was used to assess the temporal dependence of years. When 

data were autocorrelated, the autocorrelation function was applied to adjust the degree of 

freedom and re-estimate the probability of significance using the Chelton's formula (1984) as 

applied by Pyper and Peterman (1998).  

Trends of anomaly time series were estimated by applying the Spearman rank 

correlation permutation test (using 999 permutations with correction for multiple 

comparisons, Legendre & Legendre, 1998; Table S1). 

 

3. Results and discussion:  

 

3.1. Time series of the two study sites (48°N), compared to western channel sites (50°S) 

and to the north-east Atlantic 

 

3.1.1. Variability of the monthly mean of sea surface temperature, salinity and water 

discharge 

 

================================================================== 

Figure 4 

================================================================== 

 

Coastal waters in the Bay of Brest and at Roscoff-Astan showed typical seasonal 

variations in sea surface temperature (SST; Fig. 4a), salinity (SSS; Fig. 4b) and river 

discharge (Q; Fig. 4c; Data S1 in Annex A). The comparison between time series at the two 

sites (Fig. 4) revealed that: (1) the SST range was generally smaller at the Astan site than at 
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the Brest site, with higher temperature during winter and lower temperature in summer (Fig. 

4a); (2) the SSS range at the Astan site was much more restricted than at the Brest site, with 

the latter showing the predominant impact of rivers in the Bay of Brest (Fig. 4b); (3) the river 

run-off in the Bay of Brest (i.e. the Aulne+Elorn rivers) and in the Astan site (the Penzé 

River) were well in-phase (Fig. 4c). 

 

3.1.2. Bay of Brest site: high-frequency vs. low frequency sampling 

 

Temporal variations in the mean monthly SST calculated from the low-frequency 

SOMLIT-Brest time-series and from the high-frequency MAREL-Iroise time-series (Data S1 

in Annex A) were synchronous over the period and therefore undistinguishable (Fig. 4a). In 

the same way, the mean monthly SSS for both SOMLIT-Brest and MAREL-Iroise varied in 

phase (Fig. 4b). Over the period, the mean difference between SSS from the SOMLIT data set 

and that monitored by MAREL was 0.13 pss. However, during flood events in the Bay of 

Brest, SOMLIT-Brest overestimated the mean salinity values (Fig. 4b). This phenomenon is 

related to the low-frequency data acquisition of the SOMLIT programme (i.e. monthly mean 

calculated from data measured once a week) compared to the MAREL high frequency data 

acquisition (i.e. monthly mean calculated from data measured three times per hour). Indeed, 

during flood events the peak of the river discharge of the Aulne and Elorn rivers impacted the 

salinity recorded by the MAREL-buoy after a few days; so one weekly measurement might 

have missed the accurate minimum SSS value. However, the monthly variability of both SST 

and SSS in the Bay of Brest was properly assessed by SOMLIT-Brest (Fig. 4a, b). The 

SOMLIT dataset can therefore be used to determine and quantify the potential influence of 

large-scale and local-scale processes on the variability of the physical and chemical 

characteristics of the coastal waters located at 48°N. 

 

3.1.3. Extrema and means of SST and SSS at Brest and Astan sites 

 

At the Brest site, the mean monthly SST during the period 1998-2013 was minimal 

(8.14°C) in February 2010 and maximal (18.04°C) in August 2003. The mean monthly SSS 

was minimal (32.26 pss) in January 2001 and maximal (35.53 pss) in September 2003. At 

Astan, the mean monthly SST during the period 1998-2013 was minimal (8.65°C) in March 

2010 and maximal (16.53°C) in September 2009. The mean monthly SSS was minimal (34.27 

pss) in February 2001 and maximal (35.49 pss) in December 2010. For each study site, 
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average values in SST and SSS for (1) the period 1998-2013 and (2) only the winter months 

of the period are provided in Table 1. In winter, the salinity of coastal waters at both sites 

remained close to 35.5 pss, a typical mean value of the waters adjacent to the North Atlantic 

Ocean (e.g. Tréguer et al., 1979). These two systems can therefore be considered as coastal 

and not as estuarine systems. 

 

================================================================== 

Table 1  

 

================================================================== 

3.1.4. Variability of the monthly SST and SSS anomalies at the two study sites (48°N), 

comparison with sites at 50°N 

 

================================================================== 

Figure 5 

================================================================== 

 

The variability of monthly SST, SSS and river discharge anomalies at Astan (calculated 

by removing the 15-year monthly mean; Niu, 2013) was generally in phase with what we 

observed at Brest (Fig. 5a-c). The correlation between the variability of the monthly SST 

anomalies at Brest and Astan was significant (r=0.743, p<0.001) over the study period, as 

well as the variability between the monthly SSS anomalies at both sites (r=0.710, p<0.001). 

The variability of the monthly river discharge anomalies of the Aulne+Elorn rivers was also 

significantly related to the Penzé River anomalies (r=0.953, p<0.001). These results suggest 

that similar large-scale and/or local-scale processes influenced the two systems during the 

period 1998-2013. 

 

We compared the monthly variability in SST and SSS observed during the period from 

March 1998 to March 2013 at SOMLIT-Brest and SOMLIT-Astan with sampling carried out 

at two stations located at about 50°N in the Western English Channel (see Material and 

Methods). Significant correlations between the monthly SST anomalies in the coastal 

Weymouth station (data in Annex B) and SST anomalies calculated for SOMLIT-Brest 

(r=0.627, p<0.001) and to lesser extent for Astan (r=0.490, p<0.001) were found. Sea surface 

temperature recorded at the L4 station (data in Annex B) exhibited a high variability over the 
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20
th

 century, with several periods of warming and cooling (Smyth et al., 2010). Unfortunately, 

during our period of interest, the monitoring effort was perturbed and L4 was only regularly 

sampled from January 2002 to December 2012. During this period, the monthly SST 

anomalies at L4 were correlated with SOMLIT-Brest (r=0.600, p<0.001) and SOMLIT-Astan 

(r=0.530, p<0.001). The monthly SSS anomalies at L4 were also related with SOMLIT-Brest 

(r=0.447, p<0.001), while the link with Astan was low although significant (r=0.278, 

p=0.008). This comparison suggests that similar processes influenced the variability of SST 

and SSS in both coastal waters off Brittany and the Western English Channel. 

 

3.1.5. Trends of SST and SSS over the 15-year study period 

 

We are aware that a 15-year study period is too short for establishing significant 

climatologic trends (e.g. Lorbacher et al., 2010). However, for comparative purposes, we 

calculated the trends of SST and SSS series from the anomaly time-series (Fig. 5a, b) for the 

two sites located in Western Brittany (at 48°N) and for the period 1998 onwards. During this 

period, while the trend of SST showed a slight decrease (-0.02 and -0.01°C yr
-1

 for Brest and 

Astan, respectively; Fig. 5a), the trend of SSS exhibited a weak increase (+0.02 and +0.01 pss 

yr
-1

 for Brest and Astan, respectively; Fig. 5b) concomitant with the reduction in river 

discharges observed in both sites (-0.6 m
3
 s

-1 
per year for the Aulne+Elorn rivers and -0.07 m

3
 

s
-1 

per year for the Penzé River; Fig. 5c).  

 

These trends of SST and SSS were consistent with the trends calculated at a large scale 

from the ARIVO data set. By calculating the monthly SST and SSS anomalies for the period 

2002-2012 (data before 2002 were unavailable) at the scale of Western Europe (from 40 to 

60°N and from 10°W to 20°E) the ARIVO data set exhibited a cooling trend in SST (region in 

pale blue; Fig. 6a) and a salinizing trend in SSS trend (region in pale yellow; Fig. 6b) in a 

domain close to the Brittany coasts.  

 

================================================================== 

Figure 6 

================================================================== 

 

To strengthen our finding of a reduction in SST over the monitored period, we analyzed 

the dataset ERSST_V3 provided by the National Oceanic and Atmospheric Administration 
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(NOAA, http://www.esrl.noaa.gov/psd/) following the same procedure. This analysis also 

revealed a reduction in temperature (Fig. not shown), coincident with what we observed for 

both the sampled sites and the ARIVO dataset. While this current cooling has recently been 

corroborated at a planetary scale, including Western Europe (Kosaka and Xie, 2013), to our 

knowledge, no study has yet documented recent changes in SSS in our spatial domain. 

 

We discerned a common pattern between the trends we calculated for our two study 

sites and the trends determined from both the ARIVO data set (for SST and SSS) and the 

NOAA data set (for SST). These results suggest that SOMLIT-Brest and SOMLIT-Astan 

reacted synchronously with what we observed at the scale of the Western Europe and confirm 

that trends in SST and SSS at these two coastal sites were, at least partly, driven by large-

scale processes (also see Goberville et al., 2010).  

 

3-2. Large-scale vs. local-scale processes impacting the variability of the characteristics 

of the coastal waters of Western Brittany during winter 

 

As shown in the previous section sea surface temperature and salinity in the two coastal 

systems, as well as the river discharges, which feed the coastal waters in freshwater and 

nutrients, varied at both seasonal and annual scales. Focusing on the winter period (i.e. 

December-January-February, DJF; DataS2 in Annex A), we address two questions: (1) Did 

large-scale processes influence the physical variability of coastal waters of the two study 

sites? (2) Did local-scale processes control the variability of physical and chemical (i.e. 

nutrients) characteristics of coastal waters? We distinguished the processes related to large 

and local-scale influences as follows (see Figure S4):  

 

Large-scale processes: air masses circulate over the North Atlantic Ocean and exchange 

heat and water vapor with the surface ocean. Heat exchange between atmosphere and ocean 

plays a major role in warming or cooling the surface ocean waters, contributing to their 

temperature variations. Precipitation of atmospheric moisture on watersheds of Western 

Europe feeds tributaries of the coastal zone. The circulation of air masses and heat exchange 

between the atmosphere and the North Atlantic Ocean being determined by large-scale 

processes, correlations between sea surface temperature/rain rates on the watershed of our 

region and teleconnection patterns and/or weather regimes are expected. 
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Local scale processes: abundant but variable precipitation during winter can also 

modulate river discharges, especially when subterranean reserves are small, as is the case with 

the Aulne River watershed (Mougin et al., 2008). Abundant but variable weathering of rocks 

and soils could also entrain labile nutrients such as nitrate. The chemical weathering of 

siliceous rocks of the watersheds by CO2 dissolved in rain water generates silicic acid in 

freshwater, which then discharges into the coastal zone through rivers and groundwater 

(Tréguer and De La Rocha, 2013). 

 

3.2.1. Did large-scale processes influence coastal waters of western Brittany (48°N) during 

winter? 

 

Influence of large-scale climate variability on sea surface temperature 

 

The variability of the winter (DJF) monthly SST in the SOMLIT-Brest and SOMLIT-

Astan sites was compared to the variability of monthly teleconnection and weather regimes 

indices (Data S3 in Annex A). The mean seasonal cycle was removed to obtain anomalies and 

the DJF monthly anomalies were correlated with the DJF indices. The Table 2 shows 

significant correlations between monthly SST anomalies at the two study sites and (1) the 

North Atlantic Oscillation teleconnection index (NAO) and (2) both the NAO+ and NAO- 

weather regime indices. No significant correlation was found with the East Atlantic Pattern 

(EAP), the Atlantic Ridge regime (AR) and the Scandinavian Blocking regime (BLK). During 

winter, large-scale processes have thus a palpable influence on sea surface temperature in the 

two coastal systems, the NAO index and the weather regimes linked to the NAO (the NAO+ 

and the NAO-) contributing from about 12 to 31 % of the variability in SST (Table 2).  

 

We also compared winter monthly SST and SSS anomalies calculated from the 

SOMLIT data set to gridded monthly anomalies calculated from the ARIVO database. 

Temperature anomalies in the North Atlantic sector were significantly correlated to SOMLIT-

Brest (ranging from 0.4 to 0.5; Fig. S1a) and, to a lesser extent, to SOMLIT-Astan (ranging 

from 0.2 to 0.3; Fig. S1b), exhibiting a large-scale oceanic influence on sea surface 

temperature in both sites. No highly significant correlation was found with salinity at either 

site (Fig. S2; Table S2). High correlations detected for SST compared to weak correlations for 

SSS could be induced by the prevalence of local-scale processes on salinity, as discussed later 

(see 3.2.2). 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 15 

 

================================================================== 

Table 2 

================================================================== 

 

Influence of large-scale variability on precipitation anomalies 

 

In this section, we investigated the potential relationships between precipitation and 

large-scale patterns assessed by means of teleconnections (TPs) and weather regimes (WRs). 

To do so, we used monthly precipitation provided by the Global Precipitation Climatology 

Project (GPCP) version 2.2 (http://www.gewex.org/gpcp.html; Adler et al., 2003) for the 

period 1979-2013 and examined the spatial patterns of correlation between each of the six 

indices (see Fig. 2) and winter monthly precipitation anomalies. Results from correlations 

analysis for the time-period ranging from Jan. 1979 to Dec. 2013 are shown in Fig. 7.  

 

The results obtained with the TP and the WR indices (NAO/NAO+, NAO/NAO-, -

EAP/AR) were consistent. In accordance with Hurrell (1995), Hurrell and Van Loon (1997) 

and Marshall et al. (2001), the NAO predominantly influenced precipitation in Europe (Fig. 

7a). The positive phase of the NAO was characterized by enhanced precipitation in Northern 

Europe and decreased precipitation in Southern Europe (Fig. 7c). These anomalies are related 

to changes in moisture transport driven by NAO-induced wind-anomalies (Hurrell, 1995). In 

the WR framework, the anomalies for the NAO+ and the NAO- (Fig. 7c, e) were comparable 

but located further north for the NAO-. The Scandinavian BLK was characterized by reduced 

precipitation in central Europe and increased precipitation in the Greenland, Iceland, and 

Norwegian seas (Fig. 7f). These anomalies are probably the result of the persistent 

anticyclone centered in Europe which prevents moist air from penetrating inland, hence 

leading to a northward shift of this moist air. The EAP/AR correlation maps (Fig. 7b, d) 

showed a similar but opposite pattern of influence (the sign of the EAP being inverted) in 

both western France and Great Britain (Plaut and Simonnet, 2001; Wibig, 1999). While we 

observed a reduction in precipitation in association with the AR (Fig. 7d), the EAP correlation 

map displayed an increase in precipitation in these regions (Fig. 7b). These anomalies are the 

consequence of the anticyclonic wind anomalies and the resulting dominant Northwest flow 

in Western Europe under AR/EAP- conditions. The correlation maps we calculated (Fig. 7) 

are consistent with the patterns discussed by Bojariu and Reverdin (2002). 
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================================================================== 

Figure 8 

================================================================== 

 

The analysis of the GPCP data set displayed a general pattern of the relationships 

between precipitation anomalies and the large-scale variability in the North-Atlantic/Europe 

domain. However, the coarse resolution of the data set (2.5°) does not allow unequivocal 

regional conclusions. Indeed, it is difficult to determine the regime that predominantly 

influences the variability of precipitation in Brittany (Fig. 7). To refine the approach, similar 

correlations analyses were performed using monthly precipitation monitored at a 

meteorological station representative of the local variability in rain rates (in Guipavas; 48°44’ 

N, 4°41’ W; Data S4 in Annex A). Our results show that the rain rate anomalies from 

February 1998 to February 2013 were highly positively correlated with the East Atlantic 

Pattern (r=0.673, p<0.001; Table 3) and negatively with the Atlantic Ridge (r=0.485, 

p=0.001; Table 3), revealing the influence of large-scale processes on local precipitation 

during winter. No relationship was found with the North Atlantic Oscillation (Table 3). 

 

Our results are consistent with the idea that, on a monthly basis, the SST variability 

could be linked to the heat exchange between atmosphere and ocean (e.g. Hansen et al. 2006; 

Harley et al. 2006). In contrast, the precipitation variability appears to be more related to 

atmospheric processes (Goberville et al. 2010; Harley et al. 2006; New et al. 2001).  

 

================================================================== 

Table 3 

================================================================== 

 

3.2.2. Did local-scale processes influence the physical and chemical characteristics of 

coastal waters of western Brittany during winter? 

 

Weathering of the rocks and soils of the watersheds by precipitation feeds rivers with 

freshwater that is rich in nitrate and silicic acid (e.g. Delmas and Tréguer, 1983; Le Jehan and 
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Tréguer, 1984). Local-scale processes are therefore expected to impact the physical and 

chemical characteristics of coastal waters. 

 

Influence of precipitation on river discharges  

 

During winter, we assume that both direct evaporation and evapo-transpiration (via 

terrestrial plants) are unimportant processes compared to precipitation. Because the 

watersheds upstream of our two study sites are mainly composed of both impermeable rocks 

and soils (i.e. layers through which water cannot pass), most of the precipitation is directly 

and rapidly entrained through rivers. River discharges should be reactive to the variations in 

rain rates (e.g. Ludwig et al. 2009).  

 

The combination of the Aulne and Elorn river outflows contributes to 85% of the total 

river discharge to the Bay of Brest (Delmas and Tréguer, 1983), the Aulne river discharge 

predominating that of the Elorn by a factor of 4.55. Note that, in opposition to the Aulne, 

larger underground reserves exist for the Elorn watershed (Mougin et al., 2008). These 

reserves might delay, at least partly, the response of the riverine system to precipitation 

forcing. We recall that the total freshwater inputs for the Brest site were estimated by 

summing the discharges of the Aulne and the Elorn rivers. For the Roscoff coastal system, the 

Penzé discharge was used to evaluate the total river discharge. Using the rain rate recorded at 

the Guipavas Meteo-France station as a proxy, the river discharges were expected to be 

related to the precipitation delivered to the watershed (Data S5 in Annex A).  

 

================================================================== 

Table 4 

================================================================== 

 

Rain rate anomalies monitored during the period 1998-2013 at Guipavas were highly 

related to winter monthly river discharge anomalies of the Aulne+Elorn rivers (r=0.762, 58% 

of the explained variability; Table 3) and anomalies of the Penzé River (r=0.610, 37% of the 

explained variability; Table 3) displaying that the temporal variability of precipitation had a 

patent influence on the variability of the stream flow in the two study sites. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 18 

The need to better understand and quantify large-scale climate forcing on local river 

discharge has drawn much attention during the last decades (Barlow et al., 2001; Giuntoli et 

al. 2013; Milliman et al. 2008; New et al., 2001). Large-scale climate-induced changes have 

been extensively documented and have triggered reflections on the aim to project potential 

flood and/or drought events, for the local authorities to better manage the socioeconomic 

impacts of rapid changes in stream flow (IPCC, 2013). However, from the point of view of 

“process studies” such as ours, we emphasize here that the correlative link between large-

scale variability and river discharge is modulated via two coupled processes: river discharge 

generally reflected precipitation rates, themselves influenced by large-scale 

atmospheric/oceanic patterns (e.g. New et al., 2001; Milliman et al. 2008). Therefore, it is not 

surprising that correlation coefficients between the variability of river discharges and large-

scale indices were lower than those calculated between the variability of rain rates and large-

scale patterns.  

 

In our study area, river discharges were positively correlated with the EAP index 

(r=0.594, p<0.001 for the Aulne+Elorn and r=0.478, p<0.001 for the Penzé; Table 2) and 

negatively related to the Scandinavian BLK regime (r=-0.383, p=0.012 for the Aulne+Elorn 

and r=-0.406, p=0.007 for the Penzé; Table 2). While we observed a clear influence of the AR 

on precipitation anomalies (Table 2), no significant correlation was found with the Penzé river 

discharge (r=-0.207, p=0.189; Table 2) and only a weak relation was found with the 

Aulne+Elorn river discharge (r=-0.307, p=0.048; Table 2). The Atlantic Ridge and the East 

Atlantic Pattern showing a similar (but opposite) spatial pattern of correlation in the 

Armorican peninsula (Fig. 7b, d), the influence of these indices on the Aulne+Elorn and the 

Penzé river discharges was expected to be congruent. As shown by our correlation analysis, 

this assumption was not confirmed, river discharges being mainly related to the EAP and the 

BLK with only a weak influence of the AR. This contrasting result could be explained by the 

fact that, compared with the Atlantic Ridge regime, the BLK regime has a greater influence 

on precipitations on the eastern part of our region where the sources of the Aulne and the 

Elorn rivers are located (Fig. 1). This result highlights the relevance of considering both TPs 

and WRs indices for an accurate assessment of the large-scale processes influencing the 

variability of the environment. 

 

 Influence of local rivers on salinity of coastal waters 
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As we described, coastal waters of both study sites are marine waters with freshwater 

inputs being greatest during winter. Monthly SSS anomalies at SOMLIT-Brest and at 

SOMLIT-Astan were correlated to river discharge anomalies (Table 3; Data S5 in Annex A). 

Our results exhibited that fluctuations of inputs from the two major tributaries of the Bay of 

Brest (Aulne+Elorn) explained about 50% of the variation of salinity of the coastal waters 

(r=-0.706, p<0.001; Table 4). At the Roscoff site, more than 24% of the variation of salinity 

was explained by the influence of the Penzé River (r=-0.507, p=0.002; Table 3).  

 

Additional processes also influence the salinity of the coastal waters. First, as we 

mentioned in the introduction section, SSS in our domain of interest varies in relation with the 

salinity of the eastern border current of the North Atlantic. Second, at a regional scale, it has 

been shown that the discharge of the Vilaine (river mouth at about 47°30’N; mean annual 

discharge 71 m
3
 s

-1
, winter maximum 500 m

3
 s

-1
) and of the Loire (river mouth at about 47°N; 

mean annual discharge 900 m
3
 s

-1
; winter maximum 1830 m

3
 s

-1
) could influence the salinity 

(and therefore the nutrient concentrations) of coastal waters of the Bay of Brest and off 

Roscoff (Dussauze and Menesguen, 2008). Indeed, when the stream outflow penetrates into 

the Atlantic Ocean, it is deviated to the north by the Coriolis force. This could potentially 

impact the hydrological and chemical characteristics of the coastal waters of the southern, the 

western and even of the northern Brittany, especially during floods (and to a large extent 

during winter and spring).  

 

Influence of local rivers on nutrient concentrations in coastal waters of the Bay of Brest 

 

Our results provide evidence that the discharge of local rivers affects SSS at the outlet 

of the Bay of Brest. The concentration of labile nutrients such as nitrate and silicic acid is also 

impacted and nutrients are transported by the rivers to the Bay of Brest. This is illustrated 

herein for the salinity minimum events which occurred during winter (Fig. 4b). During winter 

floods of the Aulne River, the transit time of freshwater through the Bay of Brest is only a 

few days. With such a short time we made the assumption that the transport of nutrients 

through the estuaries and the bay was conservative (i.e. a distribution of nutrients influenced 

only by physical mixing or turbulent diffusion processes and not by biological processes). By 

selecting seasonal salinity minimum events of the SOMLIT-Brest 1998-2013 time series 

(Data S6 in Annex A) we represented the variations of both nitrate and silicic acid 

concentration vs. salinity (Fig. 8). Note that, for all the selected samples but one, the 
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chlorophyll-a concentration was <1µg L
-1

, i.e. far below typical spring bloom values (Data S6 

in Annex A).  

 

================================================================== 

Figure 9 

================================================================== 

 

Figure 8 illustrates the linear regression between nitrate or silicic concentrations (in 

ordinate) and salinity (in abscissa) at SOMLIT-Brest, considering only the salinity minimum 

events. The correlations were significant (r=0.890, p<0.001 for nitrate and r=0.877, p<0.001 

for silicic acid), supporting our conservative hypothesis. If this hypothesis is correct, the 

intercept of the y-axis of the mixing diagram (Fig. 8) should correspond to the average 

concentrations of nitrate or silicic acid in the freshwater end-member (FEM) of the 

freshwater-marine water mixture. The composition of the FEM results from a mixture of the 

Aulne and the Elorn freshwater and the nutrient concentration of the FEM was calculated 

assuming that the ratio of the Aulne discharge to that of the Elorn was 4.55 times more 

important in winter (Table 4). The nitrate and silicic acid average concentrations and ranges, 

for the Aulne and the Elorn during winter were calculated from the ECOFLUX time series.  

 

================================================================== 

Table 6 

================================================================== 

 

The difference between the mean concentration observed at the y-axis intercept and 

the rebuilt FEM mean concentration is insignificant for nitrate. This result is in agreement 

with our hypothesis of a conservative distribution of nitrate through the Bay of Brest in winter 

(<1%; Table 4). The silicic acid mean concentration in the FEM shows an apparent deficit of 

about 16% (Table 4). However, reverse weathering (geochemical consumption of silicic acid 

to build more siliceous material in sediments) is a well-known process of the silica cycle 

within estuaries (Tréguer and De La Rocha, 2013). If it occurs, this negative anomaly does 

not correspond to biological uptake and thus does not contradict our conservative hypothesis. 

Dussauze et al. (2011) showed that in addition to local rivers the Loire River might also 

impact the composition of the Bay of Brest waters. However, during the salinity minimum 

events of our study period the contribution of the Loire River to the nutrient composition of 
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the Bay of Brest was negligible (about 0.8%; Dussauze et al., 2011). As the transit time 

between the Loire River mouth and the Bay of Brest is about 2-3 months (Dussauze 2013, 

personal communication) and owing to the unknown fate of nitrate or silicic acid during this 

transit, it is difficult to correct the composition of the FEM taking into account the nutrient 

contribution from the Loire River. 

 

4. Conclusions 

 

Both large-scale and local-scale processes impact the variability of physical and 

chemical characteristics of the coastal waters of Western Europe during winter.  

 

The variability of SST reflects, at least partly, variations in heat exchanges between the 

ocean and the atmosphere in association with the NAO index, that of SSS being mainly 

related to the EAP. The convergent conclusions we reached by using either the teleconnection 

patterns (NAO, EAP) or the weather regimes (NAO+, NAO-, AR, BLK) make our 

conclusions more robust. Because of the potential spatial asymmetry of large-scale patterns 

and the resulting consequences on both the amplitude and location of these forcing, such an 

approach should be recommended in further studies for a more accurate estimation of the 

large-scale processes that influence natural systems. 

 

At a local scale, the variability of the small river discharges in the coastal zone is mainly 

explained by the weathering of impermeable soils and rocks by precipitation. Our study 

shows that during winter, the dominance of a positive EAP phase could support an increase in 

precipitation and therefore, through river discharges, the delivery of high nutrient standing 

stocks to the coastal waters of Western Europe, leading to a high new production during the 

following spring. 
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Data and supplementary information 

Data used in this study (Annex A : 48°N; Annex B 50°N); details of calculations related to 

winter regimes (Annex C) and supplementary information to this article can be found on line 

at:  

https://filex.univ-brest.fr/get?k=O8NvDXGtuvvDEEcu9Jj 
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Figure Legends 

 

Fig. 1. Map of the study area and position of the sampling sites. The insert shows the location 

of the site in Western Europe. Black spots: SOMLIT-Brest and Marel-Iroise sites (at the 

outlet of the Bay of Brest), SOMLIT-Astan site (off Roscoff, at the outlet of the Bay of 

Morlaix) and Meteo-France station (in Guipavas). Black stars: gauging stations of 

ECOFLUX (the Aulne, the Elorn and the Penzé rivers). The watersheds of the rivers are in 

blue. Insert: location of the two stations (“L4” and “Weymouth”) in the north western 

English Channel. 

 

Fig. 2. (a-b) Large-scale climate indices and (c-f) weather regime indices calculated for the 

winter months (DJF) and from 1979 to 2012. Positive anomalies are in red and negative in 

blue. Winter weather regime indices were determined from the winter weather regime 

patterns (see Material and Methods). The red dotted line marks the beginning of our study 

period (i.e. 1998). (a) NAO: the North Atlantic Oscillation; (b) EAP: the East Atlantic Pattern 

; (c) NAO+: positive phase of the NAO ; (d) AR: the Atlantic Ridge ; (e) NAO-: negative 

phase of the NAO ; (f) BLK: the Scandinavian Blocking regime. The East Atlantic Pattern 

was inverted (multiplied by -1) for comparison with the Atlantic Ridge.  

 
Fig. 3. Spatial representation of the centroids of the four winter weather regime patterns used 

to calculate the weather regime indices (see Material & Methods). (a) NAO+: positive phase 

of the NAO; (b) NAO
-
: negative phase of the NAO; (c) BLK: the Scandinavian Blocking 

regime; (d) AR: the Atlantic Ridge. Color shading: Sea level pressure anomalies derived 

centroids (contour interval: 200 Pa).  

 

Fig. 4. (a) Monthly mean sea surface temperature (SST; in °C) and (b) sea surface salinity 

(SSS; in pss) at the MAREL-Iroise (blue), SOMLIT-Brest (red) and SOMLIT-Astan (black) 

sites. (c) Monthly mean river discharge (Q; in m
3
 s

-1
) of the Aulne+Elorn (red) and the Penzé 

(black) rivers. For a visual comparison, the Penzé river discharge was multiplied by 10.  

 

Fig. 5. (a) Monthly mean sea surface temperature (SST; in °C) anomalies and (b) sea surface 

salinity (SSS ; in pss) anomalies at the SOMLIT-Brest (red) and SOMLIT-Astan (black) sites. 

(c) Monthly mean river discharge (Q ; in m
3
 s

-1
) anomalies of the Aulne+Elorn (red) and the 

Penzé (black) rivers. For a visual comparison, the anomalies of the discharge of the Penzé 
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were multiplied by 10. The dotted lines correspond to the trends of each time series (See 

Table S1).  

 

Fig. 6. Trends in (a) sea surface temperature (in °C/decade) and (b) sea surface salinity (in 

pss/decade) calculated for the period 2002-2012 in the domain ranging from 40°N to 60°N 

and from 10°W to 20°E (calculated from the ARIVO data set; from von Schuckmann et al., 

2009). 

 

Fig. 7. Correlation maps between DJF (December-January-February) monthly mean 

precipitation anomalies and DJF monthly mean large-scale indices. (a) NAO: the North 

Atlantic Oscillation; (b) EAP: the East Atlantic Pattern; (c) NAO+: positive phase of the 

NAO; (d) AR: the Atlantic Ridge; (e) NAO-: negative phase of the NAO; (f) BLK: the 

Scandinavian Blocking regime. The East Atlantic Pattern was inverted (multiplied by -1) for 

comparison with the Atlantic Ridge. The color shading shows the correlation values. Black 

dots indicate the areas where correlations are significant after correction to account for 

temporal autocorrelation.  

 

Fig. 8. Linear regressions between surface nitrate (NO3; in red) and silicic acid (Si(OH)4 ; in 

blue) concentrations (in µM), and sea surface salinity (in pss) for the winter months 

(December-January-February) of the period 1998-2013 (SOMLIT-Brest). Surface nutrient 

concentrations are in ordinates. Sea surface salinity, determined at salinity minimum events 

(see Fig. 4b and Table S4), is in abscissa. Regression lines: [NO3] =-12.304 x salinity + 

438.36 and [Si(OH)4] = -3.3071 x salinity + 121.72.  
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Table Legends 

 

Table 1. 48°N (SOMLIT-Brest, SOMLIT-Astan, and MAREL) and 50°N (Plymouth L4 and 

Weymouth) stations: mean values (and standard deviations) of sea surface temperature (SST; 

in °C) and sea surface salinity (SSS ; in pss). Mean values and standard deviations were 

calculated for the whole period (all months, from 1998 to 2013, except for MAREL: 2000-

2010, and L4: 2002-2012) and for the winter months (December-January-February, from 

1998 to 2013).  

 

Table 2. Pearson correlations between sea surface temperature (SST) anomalies) (SOMLIT-

Brest and SOMLIT-Astan), rain rates anomalies (Guipavas station), and river discharge 

anomalies (Aulne+Elorn and Penzé) and (1) the teleconnection indices and (2) the weather 

regimes indices. The explained variability (%) was assessed using the coefficient of 

determination (r
2
). Weather regimes were calculated from the sea-level pressure (see text). 

NAO: the North Atlantic Oscillation; EAP: the East Atlantic Pattern; AR: the Atlantic Ridge; 

BLK: the Scandinavian Blocking regime; NAO+: positive phase of the NAO; NAO-: negative 

phase of the NAO. Probabilities were corrected to account for temporal autocorrelation. The 

highest correlations (r
2
>0.1) are in bold. 

 

Table 3. Pearson correlations between rain rate anomalies recorded at the Guipavas station, 

sea surface salinity (SSS) anomalies calculated at the SOMLIT-Brest and SOMLIT-Astan 

sites and the river discharge anomalies (1) in Brest (the Aulne+Elorn river discharges) and (2) 

in Astan (the Penzé river discharge). The explained variability (%) was assessed using the 

coefficient of determination (r
2
). Probabilities were corrected to account for temporal 

autocorrelation. n: number of months considered. The highest correlations (r
2
> 0.1) are in 

bold. 

 

Table 4. Reconstruction of nutrient concentrations in rivers impacting the Bay of Brest 

waters. Nitrate and silicic acid concentration in the freshwater end member as determined at 

the intercept of the y-axis (cf. mixing diagram, Fig. 8, SOMLIT-Brest) is compared to the 

average concentration in nitrate and silicic acid in the freshwater end member (FEM) as 

calculated from data of the ECOFLUX database. The Aulne (A) river  discharge 

predominating that of the Elorn (E) by a factor of 4.55, we weighted the river discharges as 
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follows: FEM = 0.82 A + 0.18 E. For both nutrients, uncertainty ranges are mentioned 

between brackets. 
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Figure 1 
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mean min max mean min max

8.14

34.96   ± 0.2535.3934.01

S
S

T
S

S
S

34.25 35.54(p
ss

)

35.39   ± 0.22L4

35.4332.2634.48   ± 0.66

34.59   ± 0.57 32.44

35.3734.38

34.932.4434.12   ± 0.56

32.26

34.25 35.49

34.89

12.49

10.85.88.42    ± 1.31

10.14   ± 1.24

8.6512.85   ± 2.21

12.56

12.22

13.79

9.95    ± 0.98 8.14

10.91   ± 1.0916.53

18.04

10.14   ± 0.98 8.1518.0513.24   ± 2.83 8.15

all months winter months

(°
C

)
Brest

Marel

Astan

L4

Weymouth 12.32   ± 3.73 5.80 19.20

8.15

13.22   ± 2.92

12.65   ± 2.75 17.927.77

Brest

Marel

Astan 35.21  ± 0.2535.22   ± 0.21

33.95   ± 0.66

35.53

 
Table 1 

Tréguer et al.
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r % p r % p r % p r % p r % p r % p

(1) Teleconnection indices (2) Weather regimes

NAO EAP AR BLK NAO+ NAO-

0.042 0.18 0.792 -0.095 0.90
 (SOMLIT-Brest)     

SST 
0.560 31.36 0.001 0.039 0.15 0.835 0.037

0.615
SST

0.484 23.43 0.004 0.088 0.77

 (SOMLIT-Astan)                             

23.52 0.001 -0.278 7.73

0.041 0.17 0.806 0.466

0.0580.549 0.428 18.32 0.016 -0.344 11.83

0.14 0.822 21.72 0.011 -0.452 20.43 0.018

0.2360.075 0.195 3.80 0.216 0.187 3.50
(Guipavas)

River discharge 
-0.094 0.87 0.571 0.594 35.28 <0.001 -0.307

<0.001 -0.485
Rain rate anomalies                                   

0.026 0.07 0.866 0.673 45.29

0.36 0.726 0.291 8.44 0.086
 Brest (Aulne + Elorn)

9.41 0.048 -0.383 14.70 0.012 0.060

0.073
Astan (Penzé)

0.007 0.009 0.01 0.960 0.306 9.36<0.001 -0.207 4.28 0.189 -0.406 16.51
River discharge 

-0.152 2.30 0.364 0.478 22.89

 

 

 

 

 

 

Table 2 

Tréguer et al.
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0.762 <0.001 58.06 43 -0.706 <0.001 49.84 43

0.610 <0.001 37.21 43 -0.507 0.002 24.19 43

n

Rain rate anomalies

(Guipavas)
SSS anomalies 

r p
explained 

variability (in %)
n

Brest (Aulne + Elorn)

Astan (Penzé)

explained 

variability (in %)
River discharge r p

 

 

 

 

 

 

 

 

 

Table 3 

Tréguer et al.
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Intercept y-axis

 (from Fig. 8)

Aulne

(mean concentration)

Elorn

(mean concentration)

FEM 

(mean concentration)

(0.82 A + 0.18 E)

Intercept - FEM

(mean concentration)

(Intercept - FEM) / FEM

(%)
16% <1%

145 (± 7) 435 (± 54)

402 (± 53)144 (± 7)

151 (± 7) 558 (± 56)

-23 (± 7) +3 (± 54)

(in µM)

Si(OH)4 NO3

(in µM)

122 (± 15) 438 (± 53)

 

 

Table 4 

Tréguer et al. 




