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Abstract:  
 
Daily time series of in-situ tide gauge records and river runoff data were analysed to investigate the 
contribution of river discharge storm events to sea level in the Bay of Biscay. Three main river systems 
were considered for this study, representing cases of small (Nervión, 1900 km

2
), medium (Adour, 

16,880 km
2
) and large (Gironde, 84,811 km

2
) watershed basins. Typical storms correspond to water 

discharge rates of 150, 700, and 1100 m
3
 s

−1
 from the Nervión, Adour, and Gironde rivers, 

respectively. The effect of these events on daily mean sea level was evaluated using two different 
approaches: (1) through the analysis of time series of tide gauges placed within the river mouths; and 
(2) through numerical simulations using the ROMS model (Regional Ocean Modeling System). The 
three selected tide gauges are located at Bilbao (Spain) for the Nervión river, Boucau-Bayonne 
(France) for the Adour river and Port-Bloc (France) for the Gironde river. River runoff extreme events 
were more notable at the two tide gauges located within the largest rivers, namely, Adour and 
Gironde, where approximately 13% and 53.6% of the pressure-adjusted sea-level variance was 
explained by those events. The results obtained from the ROMS simulations suggest that the main 
effect of river discharge storm events occurs as a response to the input of lower salinity water. This 
plume of overlaying less dense water would produce a sea-level increase around the river mouth and 
along the coast, suggesting the generation of a coastal density current through the balance between 
the Coriolis force and the cross-shore pressure gradient. The main area of influence of the selected 
river discharges was confined to the river mouth for the Nervión, but extended up to approximately 
28 km (33 km) offshore for the Adour (Gironde) river, before turning northward to flow as a density 
current along the coast. 
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 46 

1. Introduction 47 

Tide gauges are the main source of coastal sea level data, spanning from decades 48 

to more than a century back in time. As such, they provide valuable data for calculating 49 

seasonal sea level cycles and other low-frequency oscillations such as climatic signals 50 

around the globe (Lisitzin, 1974; Pattullo et al., 1955; Tsimplis and Woodworth, 1994). 51 

Tide gauge data were considered as representative of the coastal and open ocean sea 52 

level variations until the development of satellite altimetry, that highlighted 53 

discrepancies between the two signals (Marcos and Tsimplis, 2007a). Tide gauge 54 

measurements are clearly influenced by the physiographic characteristics of their 55 

geographic location (Vinogradov and Ponte, 2011). In fact, they are mainly located 56 

within major ports for historical reasons, with the aim of providing data for safe 57 

navigation. Ports can be placed in open or protected coasts or even within bays and 58 

estuaries. Hence, tide gauge signals can be influenced by standing wave generation and 59 

local resonance generated by the continental shelf and coastline conditions (Pugh, 60 

1987). The main sources of coastal sea level variability are atmospheric pressure and 61 

wind set-up, changes in steric height due to changes in temperature and freshwater 62 

content, and mass variations related to the evaporation and precipitation cycle and to 63 

river runoff. The latter can induce important seasonal sea level fluctuations in regions 64 

located near river outflows (Tsimplis and Woodworth, 1994). As a result, sea level 65 

patterns can be rather complex in coastal areas. While the contribution of steric and 66 

meteorological effects to tidal records has been on the spotlight of research mainly due 67 

to their effect on the long term statistical properties of the records, such as sea level 68 

cycles and long-term trends, the contribution of river runoff has received less attention. 69 

Recently, Laiz et al.  (2013) studied the effect of river discharges on the sea level 70 
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seasonal cycle along the coast of the Gulf of Cadiz and concluded that only the 71 

Guadalquivir river flow, with large discharge rates during storm events (> 300 m3 s-1) 72 

had a noticeable effect, explaining approximately 18% of the pressure-adjusted sea level 73 

variance measured at a tide gauge located at about 5.3 km from the river mouth. This 74 

effect was very small (~2%) at a neighbouring tide gauge separated 31 km in the 75 

longshore current direction, and null at the closest altimetry point, located at a distance 76 

of about 33 km offshore in the cross-shore direction. Based on these results, the authors 77 

concluded that the effect of the Guadalquivir river flow is confined within the river 78 

mouth and along a small fringe near the coast, following the extension of the river 79 

plume described in previous studies (García Lafuente et al., 2007).  80 

 81 

In this work, the effect of river discharges on sea level measurements from 82 

selected tidal gauges situated within river estuaries along the Bay of Biscay will be 83 

addressed. More specifically, and due to the torrential character of the rivers that flow 84 

into the Bay of Biscay, we will explore the contribution of river discharge storm events 85 

on the non-tidal sea level variability. For this purpose, daily means of sea level heights 86 

from three tide gauge stations situated, respectively, within the mouth of a small 87 

(Nervión), medium (Adour) and large (Gironde) river, as well as daily river discharge 88 

rates will be analysed using a peak over threshold analysis (POT) in order to see the 89 

influence of one signal on the other. With the aim of analysing the offshore extent of 90 

such storm plume events, numerical simulations will be performed with ROMS. The 91 

above analyses, apart for offering improved sea level records, also give an insight to 92 

possible risks on the coastal environment arising from the interaction of sea level and 93 

river discharges. This work is organised as follows: Section 2 describes the data and 94 
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methodology; Section 3 introduces the model used; Section 4 discusses the obtained 95 

results; and Section 5 presents the main conclusions. 96 

 97 

2. Study Area   98 

The Bay of Biscay extends approximately from 43ºN to 49ºN and from 12ºW to 99 

the western French Atlantic coast (Figure 1). In this region, the continental shelf is very 100 

narrow along the Spanish coast and off the French Basque country, and widens 101 

northward along the French coastline. The bathymetry of the Bay of Biscay is 102 

constraining a complex circulation system, with spatial and temporal heterogeneity. The 103 

general circulation over the abyssal plain is mainly anticyclonic in the upper layer from 104 

~50m to 500m (Pingree, 1993) and rather weak, with typical velocities of 1-2 cm s-1 in 105 

the surface layer (Pingree and Le Cann, 1989). Friocourt et al. (2007) explored its 106 

seasonal variability using a numerical ocean circulation model, obtaining a continuous 107 

flow whose position and eastward extent vary seasonally, presenting seasonal reversals. 108 

More recently, Charria et al. (2013) analysed a large dataset of Lagrangian drifter 109 

trajectories to describe the residual seasonal circulation of the surface wind mixed layer 110 

in the Bay of Biscay. Their results showed an anticyclonic circulation over the abyssal 111 

plain mainly in spring and summer that shifted south of 45.5ºN during autumn and 112 

winter. These seasonal changes respond to the wind field seasonal variations in the 113 

region (Isemer and Hasse, 1985a, b). Moreover, the general circulation over the abyssal 114 

plain is highly influenced by the slope current and the presence of mesoscale features, 115 

such as cyclonic and anticyclonic eddies, that affect the exchange between the abyssal 116 

plain and the shelf. Eddies in this region have been studied using deep-drogued and 117 

Lagrangian drifters, remotely sensed data, hydrographic observations and numerical 118 
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models (Charria et al., 2013; Ferrer and Caballero, 2011; Paillet, 1999; Pingree, 1979, 119 

1984; Pingree and Le Cann, 1992a, b; Serpette et al., 2006; van Aken, 2002). 120 

 121 
The circulation along the continental slope is generally weak (5-10 cm s-1) and 122 

flows eastward along the North Spanish slope and poleward along the Aquitaine, 123 

Armorican and Celtic shelves, in the along-slope direction, with spatial and seasonal 124 

variations (Pingree and Le Cann, 1990; Pingree et al., 1999).  Pingree et al. (1999) 125 

analysed long term Eulerian current meter data along the European continental slopes 126 

and showed a SOMA (September-October / March-April) seasonal response. The 127 

SOMA signal is also evident in mean wind and mean wind stress data in the region and 128 

is linked to the seasonal variations of the Azores high pressure cell, AH (Pingree and Le 129 

Cann, 1990). Consequently, the main wind direction in the Bay of Biscay shifts from 130 

southwesterly to northwesterly.  In terms of the wind stress, northwesterly wind stress is 131 

dominant from spring to late summer with stronger westerly wind stress from autumn to 132 

early spring (Le Cann and Pingree, 1995). Slope currents over the northern Spanish 133 

coasts are intensified during autumn and winter when the Iberian Poleward Current 134 

(IPC) enters the Bay of Biscay (Pingree and Le Cann, 1992a), but they are subject to 135 

interannual variations (Garcia-Soto et al., 2002). This warm water extension of the IPC 136 

over the Cantabrian region usually develops around Christmas, so it has been named 137 

"Navidad" (Frouin et al., 1990; Pingree and Le Cann, 1992b). In spring, the circulation 138 

reverses showing weak equatorward currents along the Celtic and Armorican slopes, 139 

and westward along the northern Spanish coasts. The latter intensify in summer, 140 

reaching velocities of about 13.5 cm s-1 (Charria et al., 2013). Over the Aquitaine, 141 

Armorican, and Celtic slopes, however, the observed equatorward currents are weak 142 

during summer (1.5 cm s-1). Evidence of such westward (equatorward) flows over the 143 

Bay of Biscay slopes had previously being reported (Pingree and Le Cann, 1990; 144 
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Serpette et al., 2006). This alternation of poleward and equatorward flows can promote 145 

slope-ocean exchanges, mainly in the vicinity of topographic features (Serpette et al., 146 

2006). Previous authors studied different mechanisms that can promote shelf-slope 147 

exchange within the Bay of Biscay, such as the "Navidad" flow (Pingree and Le Cann, 148 

1992a), the presence of anticyclonic slope eddies (SWODDIES, Pingree and Le Cann, 149 

1992b), or the inertial overshoot triggered at promontories like spurs and canyons 150 

(Pingree et al., 1999). 151 

Over the shelf, the circulation is mainly controlled by wind, tides, and density 152 

currents induced by river discharges (Charria et al., 2013; Ferrer et al., 2007; Fontan et 153 

al., 2006; González et al., 2004; Koutsikopoulos et al., 1998; Lazure and Jegou, 1998; 154 

Le Cann and Serpette, 2009; Pingree and Le Cann, 1989). The general circulation is 155 

weak, with residual sub-tidal currents of about 2-5 cm s-1. Barotropic semidiurnal tidal 156 

currents dominate the circulation over the shelf (Le Cann, 1990; Pingree et al., 1982). 157 

Residual surface (~15-75m) currents over the north Spanish continental shelf follow the 158 

same seasonal pattern observed along the slope following the wind regime seasonal 159 

variations (Pingree and Le Cann, 1989): eastward currents are observed in autumn (5-10 160 

cm s-1); in spring, the flow starts veering westward and is fully developed in summer 161 

with large velocities that reach 13.5 cm s-1 (Charria et al., 2013). On the Aquitaine and 162 

Armorican shelves, a surface (from ~15 m to ~80 m depth) poleward flow is observed 163 

in autumn and winter, showing small velocities over the Aquitaine shelf (~3 cm s-1) and 164 

increasing values up to 16 cm s-1 from about 46ºN to 48ºN (Charria et al., 2013). 165 

Previous studies had also described a surface poleward current over the Armorican shelf 166 

along the 100 m isobath with average speeds of about 10 cm s-1 in autumn and bursts of 167 

20 cm s-1 (Lazure et al., 2008). Over the Aquitaine shelf, residual currents flow 168 

poleward in spring, with average velocities of about 5 cm s-1, and equatorward during 169 
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summer, with smaller velocities of about 2 cm s-1 (Charria et al., 2013). In spring and 170 

summer, weak (< 3 cm s-1) equatorward currents are observed along the Armorican 171 

shelf, along with a south-eastward current in the Celtic sea that enters the Armorican 172 

shelf with an average velocity of ~6 cm s-1 (Charria et al., 2013). On the northern 173 

Armorican Shelf, early summer winds can be west-northwest and hence, the shelf 174 

monthly mean wind driven currents will show SOMA-like seasonality. The maximum 175 

southward shelf transport wind stress response near 48o N occurs with winds from the 176 

NW (i.e. 332oT,  Pingree and Le Cann, 1989). Density currents are observed in the 177 

vicinity of estuaries due to the river freshwater discharges; these induce a poleward 178 

circulation modulated by wind (Froidefond et al., 1998; Hermida et al., 1998). Hence, 179 

the offshore extension and direction of spread of the low-salinity water presents a 180 

marked wind-induced seasonal cycle (Puillat et al., 2004) with inter-annual variability 181 

(Puillat et al., 2006; Puillat et al., 2004). Lazure and Jegou (1998) analysed the 182 

behaviour of the Loire and Gironde (France) river plumes using a numerical model. 183 

Their results showed that during early winter and periods of high river discharge, 184 

plumes spread northward and alongshore with speeds of about 10 cm s-1; under low 185 

river runoff and northwest wind conditions, the northward spreading of the low-salinity 186 

plumes may be stopped and driven offshore or even southward. More recently, Lazure 187 

et al. (2009) implemented the regional ocean model MARS3D (Model for Application 188 

at Regional Scale) to study the hydrology of the Bay of Biscay. The model included 189 

freshwater discharges from two major rivers (i.e., Loire and Gironde) and from 23 190 

smaller rivers located within Brittany and the Basque Country and was able to 191 

accurately reproduce the dynamics of the main river plumes over the shelf. Ferrer et al. 192 

(2009) carried out a numerical experiment using a Lagrangian Particle-Tracking model 193 

coupled to the hydrodynamic model ROMS (Regional Ocean Modeling System) to 194 
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assess the potential connection between large river discharges and the low-salinity 195 

waters observed within the southeastern part of the Bay of Biscay over a region 196 

extending about 15-20 km offshore. For this purpose, they included freshwater 197 

discharges from the Adour (France), Nervión, Oria, Deba, Urola, Urumea, and Bidasoa 198 

(Basque Country) rivers. Their results showed that, while the low-salinity plume 199 

generated by the Adour river discharge spread northward, hence not affecting the region 200 

under study, discharges from the Nervión, Oria, Urola and Urumea rivers were the main 201 

factors contributing to the presence of the observed low-salinity water in the SE Bay of 202 

Biscay.  203 

The two main rivers in the Bay of Biscay are the Loire and Gironde, both 204 

located at the French Atlantic coast (Figure 1). Their annual mean flow is around 900 205 

m3 s-1, with large peaks in winter or spring that can exceed 3000 m3 s-1, and minimum 206 

values in summer. The Gironde estuary is formed from the meeting of the rivers 207 

Dordogne and Garonne and represents the largest estuary in western Europe. It presents 208 

seasonal flow rates, but is subject to strong interannual variations, showing maximum 209 

discharge rates in winter or spring, depending on the year (Bergeron, 2004). Smaller 210 

rivers, such as the Adour (Figure 1) with a mean discharge rate of about 300 m3 s-1 and 211 

peak flows exceeding 1000 m3 s-1 at short intervals during winter and spring, can also 212 

induce significant density currents (Brunet and Astin, 1999; Puillat et al., 2004). In fact, 213 

the Adour river constitutes the main source of fresh water onto the Basque (Figure 1) 214 

continental shelf (Valencia et al., 2004). Within the southeastern Bay of Biscay, the 215 

rivers are torrential in character, with very short time-lags between the precipitation and 216 

resulting river discharge (Ferrer et al., 2009). Their maximum flow rates occur 217 

principally in spring and autumn, and minimum rates at the end of summer. Major river 218 
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discharges draining this region include those of the Nervión, Oria and Bidasoa, with 219 

mean annual flows of 20-30 m3 s-1 (Provincial Councils of Bizkaia and Gipuzkoa). 220 

 Sea level variations in this region are mainly tidally driven, with their dynamics 221 

dominated by the barotropic semidiurnal tidal component M2 (Le Cann, 1990, Sinha 222 

and Pingree, 1997). Moreover, in the northern part of the Bay of Biscay, where the 223 

continental shelf is wider, the nonlinear generation of higher harmonics such as M4 and 224 

M6 also becomes important (Le Cann, 1990, Sinha and Pingree 1997). In terms of the 225 

sea level low frequency variability, the main forcing agents (Dussurget et al., 2009; 226 

García-Lafuente et al., 2004; Marcos and Tsimplis, 2007b) are oceanographic (steric 227 

effect) and meteorological, the latter through the inverted barometer response and wind 228 

setup. García-Lafuente et al. (2004) studied the sea level seasonal variations around 229 

Spain from tide gauge measurements, including stations located within the Bay of 230 

Biscay. At the Bay of Biscay, a well defined annual cycle was observed, with an 231 

amplitude of 5.5 cm that peaked in late September. The semiannual cycle was smaller, 232 

with an amplitude of 3.0 cm that was mainly forced by atmospheric pressure and wind 233 

setup. The annual cycle, however, did not show the same meteorological origin; rather, 234 

it seemed to be related to the steric effect. Sea level corrected by atmospheric pressure 235 

and wind peaked in October and showed a phase lag of ~2 months with the steric signal, 236 

that could be related to the hydrological cycle in the Bay of Biscay, to strong river 237 

runoffs or even to the surface circulation seasonal variations (García-Lafuente et al., 238 

2004). The authors hypothesized that the geostrophic adjustment of the shelf currents 239 

could induce an additional sea level cycle that could shift the overall seasonal maximum 240 

toward winter. More recently, Caballero et al. (2008) studied the sea level variability in 241 

the Bay of Biscay from altimeter data, corroborating that the dominant signal was the 242 

annual cycle, also in agreement with Pingree and Garcia-Soto (2004). The altimeter-243 
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derived annual signal (i.e., corrected from meteorological effects), presents the highest 244 

amplitudes over the slope and shelf regions (2.5-6.5 cm) and lower values in the ocean 245 

basin. The maximum values over the shelf and slope occurs in October (i.e., at the end 246 

of the heating cycle), with the exception of the northern French shelf and the 247 

northwestern Iberian Peninsula where the peak occurs in November. The authors 248 

suggest that the November maximum over the northwestern Iberian Peninsula might be 249 

related to the northwar propagation of the IPC. Over the ocean basin, tha annual cycle 250 

also peaks in October, expect for some regions where it peaks in September. Overall, 251 

the authors conclude that the annual signal is mainly due to the steric effect, as also 252 

mentioned by Pingree and Garcia-Soto (2004). Marcos and Tsimplis (2007b)  used long 253 

sea level records to explore the temporal and spatial variability of the sea level seasonal 254 

signal in southern Europe, including the southern part of the Bay of Biscay. They 255 

showed that the sea level annual amplitudes and phases varied significantly with time 256 

and that this variability disminished after removing the atmospheric contribution (i.e., 257 

atmospheric pressure and wind) from the records. Finally, since tidal gauges in the Bay 258 

of Biscay are mainly located within river estuaries, they are also expected to be 259 

influenced by river discharge.  260 

 261 

3. Data and methods 262 

3.1 Tide gauge data 263 

Time series of hourly sea level heights were retrieved for three tide gauge 264 

stations placed within river mouths around the Bay of Biscay (see Figure 1). The Bilbao 265 

station, located within the Nervión river mouth (43.34ºN, 3.04ºW) belongs to the 266 

Spanish Puertos del Estado Tide gauge Network (REDMAR, http://www.puertos.es/). It 267 

is an acoustic sonar measuring the sea level every 5 min with an accuracy of 2.5 mm 268 
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and a resolution of 10 mm, assuming a 5 m tidal range and a 1min integration period for 269 

the averaged measurements (Martín and Pérez, 2006). Data span from 07/01/1992 until 270 

25/02/2011. Time series were low-pass filtered using a cosine-Lanczos filter with a 40 h 271 

half-power cut-off in order to remove tidal oscillations and near-inertial signals (Emery 272 

and Thomson, 2004), and then averaged to produce daily means. The Boucau-Bayonne 273 

and Port-Bloc stations are located on the French coast, within the Adour river mouth 274 

(43.53ºN, 1.51ºW) and the Gironde Estuary (45.57ºN, 1.06ºW), respectively. They both 275 

belong to the Service Hydrographique et Océanographique de la Marine (France). Time 276 

series were retrieved from the SONEL data assembly centre (http://www.sonel.org/). 277 

The Boucau-Bayonne tide gauge record spans from 23/05/1967 until 29/05/2011. The 278 

Port-Bloc time series covers the time period 19/04/1959 to 29/05/2011. These tide 279 

gauges were equipped with Guided Radar Level Meters (Optiflex 1300C) in 2009 280 

(Boucau-Bayonne) and 2010 (Port-Bloc). Measurements are integrated over 10 min for 281 

the averaged measurements. Sea level measurements have a resolution of 10 mm for 282 

95% of the provided data. The Boucau-Bayonne and Port-Bloc station data have been 283 

de-tided by the SONEL data assembly centre using a Demerliac filter with a symmetric 284 

window of 71 coefficients (Demerliac, 1974). In all cases, the sea level is measured 285 

with respect to the tide gauge zero and data are subject to standard quality control 286 

procedures by each managing authority. Prior to other computations, outliers were 287 

removed from the three time series using an iterative standard deviation filter. Finally, 288 

data were detrended using a linear robust fit. The resulting time series are referred to as 289 

MSL. Due to the large data gaps encountered in the tide gauge and river discharge 290 

records (see Section 2.3 below), we tried to select, for each location, the largest possible 291 

common period between the MSL and river discharge time series without large data 292 

gaps (i.e. gaps of less than 10 days). The resulting common full year periods were 1996-293 
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2008 for the Bilbao-Nervión data (Bil-NV, Figure 2b), 1979-1996 and 2000-2008 for 294 

Bayonne-Adour (BY-AD, Figure 3b), and 2002-2009 for Port-Bloc-Gironde (PtB-GR, 295 

Figure 4b). 296 

 297 

3.2 River discharge 298 

Time series of daily discharge rates (Q) corresponding to the three rivers 299 

mentioned above were gathered. Data for the Nervión river were provided by the 300 

Departamento de Medio Ambiente (Diputación Foral de Bizcaia, Spain) for the time 301 

period 01/10/1995 to 30/09/2009. As for the Adour and Gironde, data were retrieved 302 

from the Banque Nationale d'Hydrométrie et d'Hydrologie (HYDRO) of Ministère de 303 

l'Environnement et du Développement Durable (France). The Adour river time series 304 

spans from 01/01/1967 to 31/12/2008. The Gironde time series, obtained as the sum of 305 

the Garonne and Dordogne rivers discharge rates, covers the period 01/01/1952 to 306 

31/12/2010. As mentioned in Section 3.1 above, the length of each time series was 307 

reduced due to the presence of large data gaps (see Figures 2c, 3c, and 4c).   308 

The three rivers selected represent cases of small (Nervión, 1900 km2), medium 309 

(Adour, 16880 km2) and large (Gironde, 84811 km2) watershed basins. The Nervión 310 

river presented a mean discharge rate of 21 m3 s-1 for the selected period, with 311 

maximum runoffs of 534 m3 s-1. The Adour river showed mean outflows of 300 m3 s-1 312 

and 254 m3 s-1 for each of the selected periods, with maximum discharge rates of 2680 313 

and 2045 m3 s-1, respectively. Finally, the mean / maximum discharge rate of the 314 

Gironde river for the time period under study was 733 m3 s-1 / 6068 m3 s-1. Overall, the 315 

three rivers show the largest water discharges during autumn, winter or spring, the latter 316 

probably related to the spring thaw, and low discharge rates over the summer. 317 

 318 
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3.3 Atmospheric pressure and wind 319 

Time series of atmospheric pressure at sea level and zonal and meridional wind 320 

components at 10 m were retrieved from the NCEP/NCAR Reanalysis 6-hourly 321 

Products (Kalnay et al., 1996) from the CISL Research Data Archive 322 

(http://rda.ucar.edu/). Data are freely available with a spatial resolution of 0.5º x 0.5º on 323 

a global grid. For the present study, three sets of time series were extracted each one 324 

corresponding to the closest grid point to each tide gauge station and spanning the time 325 

period indicated in Section 3.1. The distances to the tide gauges are approximately 326 

~18.1 km (Bilbao), ~3.3 km (Boucau-Bayonne) and ~9.0 km (Port Bloc). Time series 327 

were filtered using a 13-point moving average filter, so that daily values on each day 328 

were computed as a 72-hour mean centred on that day in order to suppress diurnal and 329 

higher frequency changes (Barron et al., 2004) (Figures 2a, 3a and 4a). In the case of 330 

atmospheric pressure, this procedure increased the linear correlation with MSL from no 331 

correlation to correlation values of -0.8, -0.7, and -0.8 for the Bilbao, Boucau-Bayonne 332 

and Port-Bloc stations, respectively. Finally, wind stress components were obtained 333 

using the drag coefficient as in Large and Pond (1981). 334 

 335 

3.4 Temperature and salinity 336 

 Time series of temperature and salinity profiles daily means were retrieved from 337 

the ROMS model simulation that included freshwater river discharge (see section 4 338 

below for details) for the time period under study. Data were spatially averaged over the 339 

offshore part of the Bay of Biscay in order to produce a basin-wide time series of 340 

temperature and salinity profiles. These were then used to compute the contribution of 341 

the basin-wide steric height (SH) to the sea level variations as a combination of the 342 
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thermal expansion (SHT) and haline contraction (SHS) of the whole water column 343 

(Tomczak and Godfrey, 1994): 344 

⎥
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⎡
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− −

0 0

0

''1

H H
ST dzS

dS
ddzT

dT
dSHSHSH ρρ

ρ
   (1) 345 

 346 

T' and S' are the temperature and salinity deviations referenced to their climatic annual 347 

mean values; ρ is water density; ρ0 is the sea surface density and H is the reference 348 

depth, set to 1000 m. 349 

 350 

3.5 Statistical methods 351 

 Before addressing the effect of river discharge on sea level, a stepwise multiple 352 

regression was performed for each tide gauge in order to evaluate the percentage of sea 353 

level variability (adjusted R2),  explained by the different forcing factors considered, 354 

namely, atmospheric pressure, zonal and meridional wind stress components, steric 355 

effect, and river discharge. When performing multiple regressions, as in our case, R2, or 356 

coefficient of multiple determination is an expression of the proportion of the total 357 

variability in the dependent variable (i.e., sea level) that is attributable to its dependence 358 

on all the other variables considered. A limitation on R2 is that its value may increase 359 

even when the new variable added to the regression model does not explain much of the 360 

dependent variable. Hence, adjusted R2 is used to compensate for this; i.e., its value will 361 

only increase when the addition of another variable adds to the explanatory power of the 362 

model.  Finally, and in order to study the relationship between river discharge and sea 363 

level, two statistical methods were used, namely the Cross Wavelet Transform and the 364 

"peak-over-threshold" analysis. 365 
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 The Cross Wavelet Transform (XWT) is a powerful method for estimating the 366 

relationship between two time series nx  and ny . It is constructed from the Continuous 367 

Wavelet Transform (CWT) of each of the time series and is defined as *YXXY WWW = , 368 

where WX and WY represent the CWT of time series nx  and ny , respectively, and * 369 

denotes complex conjugate (Grinsted et al., 2004).  The choice of the appropriate 370 

mother wavelet depends on the nature of the signals and on the type of information to 371 

be extracted from them (Torrence and Compo, 1998). Here we used the XWT method to 372 

examine linkages between river discharge rate and mean sea level at the three locations 373 

under study for the common selected time periods. More specifically, due to the 374 

episodic torrential character of the rivers, the study was focused on identifying sporadic 375 

events in frequency bands where the river discharge and mean sea level time series were 376 

occurring at the same time. For this purpose, the Paul mother wavelet was used because 377 

it is expected to provide a better temporal resolution and thus, it can identify isolated 378 

events more accurately than other wavelets (De Moortel et al., 2004). The cross wavelet 379 

power was calculated in order to estimate the covariance as a function of frequency.  380 

In addition, a "peak-over-threshold" (POT) analysis was applied in order to 381 

obtain a relationship between the maximum Q and mean sea level values for extreme 382 

events. The POT approach consists in retaining all peak values that exceed a certain 383 

truncation threshold from a time series ensuring that they contain most of the 384 

information about extreme processes (Lang et al., 1999). When compared with other 385 

methods dealing with extreme hydrologic events, such as the "maximum flood 386 

approach", it offers the advantage of considering a wider range of extreme events 387 

(peaks) and the possibility of controlling the number of such occurrences to be included 388 

in the analysis through the appropriate selection of the threshold. The lack of a universal 389 

method for choosing the threshold value is, in fact, one of the complexities associated 390 
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with the POT approach. The threshold value affects the estimation of the return period 391 

by altering the fit parameters of the extreme value distribution (Caires and Sterl, 2005). 392 

However, in the present case where a correlation of extreme events needs to be 393 

obtained, threshold values are only related with the number of events selected. Hence, 394 

the selection criteria used in this study was based on the reduction of the scatter value of 395 

the POT data set. More specifically, the appropriate discharge threshold was selected 396 

following an iterative approach ("trial and error") where different threshold values were 397 

defined starting from the 95th quantile of the data and moving toward larger events 398 

(Caires and Sterl, 2005).  In order to avoid including transitory peak events that cannot 399 

produce a significant surge, a 3-day moving average was applied to the Q time series 400 

before carrying out the POT analysis. The grouping parameters were calculated based 401 

on the Integral Time Scale of the autocorrelation function (Emery and Thomson, 2004) 402 

in order to avoid mean sea level from being pre-conditioned by previous peak events. 403 

The grouping parameters obtained were 6 days for the Nervión river, 10 days for the 404 

Adour, and 12 days for the Gironde. Consecutive peak events with calm conditions of 405 

less than the selected grouping parameter between them were considered as a single 406 

peak event. The procedure, carried out separately for each location, was as follows: (1) 407 

a POT sampling was carried out in the Q time series for a given threshold (QThrs); (2) 408 

the sampled extreme events were adjusted to a linear regression line with the 409 

corresponding mean sea level values; (3) the resulting slope of the regression was used 410 

to correct the mean sea level values corresponding to events of Q > QThrs through linear 411 

regression; (4) the percentage of variance explained by that QThrs was computed using 412 

equation (2) below. Those events characterized by Q > QThrs will be referred to as 413 

"extreme" or "storm" events. This procedure ensured the extraction of a statistically 414 
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independent data subsample of extreme events from the Q and mean sea level time 415 

series based on the daily discharge sequences (Lang et al., 1999). 416 

The percentage of mean sea level variance explained was estimated using the 417 

following equation (Calafat et al., 2012; Sultan et al., 1995): 418 

( )221100% originalresidualExplainedVariance σσ−=     (2) 419 

where σ is the standard deviation and the subscript "original" / "residual" refers to the 420 

sea level time series before / after being corrected by the river discharge effects. 421 

 422 

4. Numerical model 423 

The hydrodynamic model used to determine the sea level, current, temperature, 424 

and salinity fields for the Bay of Biscay was the Regional Ocean Modeling System 425 

(ROMS). ROMS is an evolution of the S-coordinate Rutgers University Model 426 

(SCRUM), as described by Song and Haidvogel (1994). It has been expanded to include 427 

a variety of features, such as: high-order advection-schemes, accurate pressure gradient 428 

algorithms, several subgrid-scale parameterisations, atmospheric, oceanic, and benthic 429 

boundary layers, biological modules, radiation boundary conditions, and data 430 

assimilation.  431 

Presently, ROMS is not designated in terms of a single model, but rather in a 432 

variety of versions that have been developed by different institutions. The numerical 433 

aspects of ROMS have been described in detail by Shchepetkin and McWilliams 434 

(2005). The model has been used to simulate water circulation in a variety of different 435 

regions of the world ocean, ranging from global to local scales (e.g. Haidvogel et al., 436 

2000; Penven et al., 2001; Marchesiello et al., 2003; Di Lorenzo et al., 2004; Choi and 437 

Wilkin, 2007; and Ferrer et al., 2009).  438 
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The spatial domain for the Bay of Biscay configuration extended from 41.8ºN to 48ºN 439 

and from 10.8ºW to 0.8ºW, with a mean horizontal resolution of 6.6 km. Vertically, the 440 

water column was divided into 32 sigma-coordinate levels; these were more 441 

concentrated within the surface waters, where most of the variability occurs, which, in 442 

turn, retains high resolution for the sea surface processes. This will also ensure having a 443 

vertical resolution of about 0.3-0.6 m within the river mouths. The bathymetry used in 444 

the model was obtained through optimal interpolation of the ETOPO2 (2 minute digital 445 

Elevation TOPOgraphic model), GEBCO (General Bathymetric Chart of the Oceans), 446 

and IBCM (International Bathymetric Chart of the Mediterranean) data sets. This 447 

approach was adopted to obtain a realistic bathymetry, which was then smoothed to 448 

ensure stable and accurate simulations (Haidvogel et al., 2000). The smoothing 449 

parameter, r, that controls the slope of the sigma layers, is defined in the model as in 450 

Beckmann and Haidvogel (1993). The value of r was imposed not to exceed 0.2 451 

(Haidvogel et al., 2000).  452 

Surface forcing data were obtained from the NCEP/NCAR Reanalysis 6-hourly 453 

Products (Kalnay et al., 1996) for the time period 1994-2010 and consisted of air 454 

temperature and relative humidity at 2 m height, precipitation rate, short-wave and long-455 

wave radiations, and wind components at 10 m height. Wind stress was calculated as in 456 

Section 3.3 above. The open boundary and initial conditions were obtained from the 457 

ECCO (Estimating the Circulation and the Climate of the Ocean, http://www.ecco-458 

group.org) global data assimilation product for the same time period. Variables included 459 

sea surface elevation; temperature, salinity, and velocity profiles from the sea surface to 460 

the bottom depth; and the barotropic velocity components. Data have a spatial 461 

resolution of 1ºx1º and a temporal resolution of 10 days. In the vertical, the water 462 

column is divided into 46 depth levels with 10 m interval for the first 150 m.  463 
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Data from the OSU TOPEX/Poseidon Global Inverse Solution Version 5.0 464 

(TPXO.5) were used as tidal forcing for the period 1994-2010. The model, developed 465 

by the Oregon State University (http://volkov.oce.orst.edu/tides/global.html), is a global 466 

model for ocean tides, which best-fits (in a least-squares sense) the Laplace Tidal 467 

Equations and along-track averaged data, from the TOPEX/Poseidon orbit cycles 468 

(Egbert et al., 1994). Tides are provided as complex amplitudes of earth-relative sea 469 

surface elevation (Shchepetkin and McWilliams, 2005) and tidal currents, in our case, 470 

for 10 primary harmonic constituents (M2, S2, N2, K2, K1, O1, P1, Q1, Mf and Mm). 471 

These tidal components are introduced into ROMS through the open boundaries using 472 

the Flather condition (Marchesiello et al., 2001). Volume is conserved automatically in 473 

the domain, whilst variations due to physical forcing (such as the tides mentioned 474 

above, and other subtidal components) are introduced through external data. 475 

Using the aforementioned forcing and boundary conditions, three simulations 476 

covering the period 1994-2010 were carried out with ROMS. The first two simulations 477 

included the freshwater discharges from the Nervión, Adour, and Gironde rivers. River 478 

runoff is introduced as a volume of water in the continuity equation and mixing is 479 

provided by the model turbulence closure scheme and wind forcing. In our case, river 480 

discharge is introduced at one or several grid points (depending on the width of the 481 

river) through the surface 5m; the value of the coastal salinity in the immediate vicinity 482 

of the source is determined by the model mixing scheme. The only difference among 483 

the two model scenarios is that in one of them the salinity of the river flow was set to 484 

zero in order to simulate freshwater while in the other the river flow had local salinity 485 

values. Thus, one of the simulations (R01) will only reflect the addition of a volume of 486 

water on sea level while the other one (R02) will also simulate the sea level response to 487 

a buoyancy source. The third simulation was carried out without river inputs and will be 488 
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referred to as control run. In every case, the model was initialised from rest from 489 

January 1st 1994 and the solution quickly adjusted to the initial stratification. The level 490 

of kinetic energy increased initially following the growing eddy activity during the first 491 

two years of simulation. After this spin-up period, the eddy kinetic energy stayed 492 

particularly stable, oscillating quasiperiodically around an equilibrium value; this was 493 

approximately 34 cm2 s-2 at the surface, in agreement with Ferrer et al. (2011) and 494 

approximating to conditions in nature, ~ 59 cm2 s-2 for the Bay of Biscay (Pingree, 495 

1993). The first valid simulation would therefore correspond to  January 1st 1996. This 496 

method to obtain equilibrium conditions for numerical simulations with ROMS has 497 

been used in different regions of the world ocean with similar results (Marchesiello et 498 

al., 2003; Penven et al., 2005; Penven et al., 2001).  499 

Daily maps of sea level modelled data were extracted around each of the river 500 

mouths for the three model simulations in order to evaluate the rivers' offshore influence 501 

on sea level. Maps for the Nervión river extended from 3.55ºW to 2.55ºW in longitude 502 

and from 43.14ºN to 43.87ºN in latitude for the same time period as the tide gauge 503 

records (i.e., 1996-2008). The region extracted around the Adour river covered from 504 

2.55ºW to the coast and from 43.14ºN to 44.52ºN for the common years 1996 and 2000-505 

2008. Finally, maps selected around the Gironde estuary extended from 2.55ºW to the 506 

coast and from 45.06ºN to 46.51ºN between 2002 and 2009. The effect of river 507 

discharges was addressed by comparing the mean sea level obtained between the 508 

control run and each of the two model scenarios that included river discharges. 509 

Furthermore, and in order to focus on the effect of extreme river discharge events, these 510 

events were sub-sampled separately for each river according to the corresponding QThrs 511 

and the same comparison as above was carried out.  512 

 513 
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5. Results and discussion 514 

5.1 Stepwise multiple regression 515 

Results from the stepwise multiple regression (not shown) indicated that, 516 

overall, atmospheric pressure was the best predictor, explaining approximately 66%,  517 

46% and 60% of the MSL variability at the Bilbao, Boucau-Bayonne, and Port Bloc tide 518 

gauges, respectively. An attempt was made to quantify the sea level response to the 519 

inverted barometer effect, obtaining that it was negligible at the daily scale, hence 520 

suggesting a dynamic response of the sea level to the movement of the atmospheric 521 

pressure field, as expected within shallow continental shelves (Pugh, 1987). This 522 

dynamic response is rarely possible to be separated from that caused by wind stress due 523 

to the dependence of wind stress on the atmospheric pressure disturbances. The 524 

remaining forcing mechanisms at the Bilbao location explained, respectively, 5% (zonal 525 

wind stress, i.e., the alongshore component); 4% (steric effect); 3% (meridional wind 526 

stress); and 1% (river discharge) of the sea level variability. In terms of the wind stress, 527 

results indicate that sea level at the Bilbao station responds mainly to the Ekman 528 

transport generated by alongshore winds. At the Boucau-Bayonne location, the second 529 

best predictor was also zonal wind stress (13%), with the meridional component only 530 

accounting for 3% of the variability and entering last in the regression. Due to the 531 

geographical location of this station, it is expected that sea level would be related to 532 

zonal wind stress, either through a direct effect, or indirectly through the generation of 533 

an alongshore eastward flowing current along the northern Spanish coast. Finally, river 534 

discharge and steric effect explained about 8% and 5% of the sea level variability, 535 

respectively.  At the Port Bloc location, the second best predictor was meridional (i.e., 536 

alongshore) wind stress (13%),  followed by zonal wind stress (~4%), river discharge (< 537 

2%) and steric effect (< 1%). As in the case of Bilbao, this station is located within a 538 
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straight long coast, and hence, de-tided sea level is expected to be linked to the Ekman 539 

transport generated by alongshore winds (Csanady, 1982). Overall, the effect of river 540 

discharge seems negligible in all locations when using the full time series, suggesting 541 

that its effect on sea level might take place during specific events. In order to further 542 

analyze the potential response of sea level to river discharge, two statistical analysis 543 

were performed as described in sections 5.2 and 5.3 below.  Time-lagged linear 544 

correlations carried out between river discharge and the other forcing mechanisms 545 

considered (i.e., atmospheric pressure, wind stress components and steric effect) 546 

revealed no correlation among them. Thus, river discharge can be considered as 547 

independent from the other variables and its effect can be addressed separately.  548 

 549 

5.2 Sea level response to river discharge: tide gauge data 550 

Although the sea level response to the inverted barometer effect was negligible, 551 

the XWT analysis was performed both between river discharge (Q) and MSL and 552 

between Q and sea level adjusted through the inverted barometer correction (ASL), 553 

obtaining that results were not significantly sensitive to the use of MSL or ASL, as 554 

expected. Thus, only results referring to ASL will be described for consistency with the 555 

results obtained in the POT analysis (see section 5.3 below). Figure 5 shows the cross 556 

wavelet power spectrum of Q and ASL for the Bil-NV system, displayed as a function of 557 

period and time. Colour contours represent cross wavelet power (i.e., the covariance of 558 

the two series) and vectors indicate the phase relationship between the two time series. 559 

It must be noted that the wavelet power is normalized by 1/σ2, where σ2 is the variance 560 

and it does not have units (Torrence and Compo, 1998). The thin black line delineates 561 

the cone of influence (COI) in which edge effects cannot be ignored. In this case, the 562 

COI is defined as the area where the wavelet power due to a discontinuity at the edge 563 
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has dropped to e-2 of the value at the edge  (Grinsted et al., 2004). Figure 5 shows a 564 

common annual cycle, as well as sporadic common events (mostly in spring and autumn 565 

months) at time scales between 64 and 128 days. A closer look to the Q and ASL time 566 

series for those months revealed that, generally, heavy river discharges occurring in 567 

autumn and spring resulted in higher sea level values, as for example during November-568 

December 2005 (Figure 6). Other periods of time where high coherence was obtained 569 

showed cases of negligible river discharge rates and very small mean sea level values, 570 

as for example during April 1997 (Figure 7). 571 

For the BY-AD system, due to the existence of large gaps within the two 572 

selected periods, the time series had to be further split into two (period 1976-1996) or 573 

four (period 2000-2008) segments. Overall, similar results to those of Bil-NV were 574 

obtained (see Figure 8), with an annual signal, though less clear due to the breakdown 575 

of the time series into shorter segments, and sporadic common events of high 576 

coherence. Such events were found between years 1979 and 1987 at time scales 577 

between 32 and 70 days approximately; years 1992 to 1994 (at time scales larger than 578 

70 days), February 2000 (Figure 9) and 2001 (time scales between 32 and 64 days), 579 

October 2002 (periods around 32 days) and February 2004 (periods between 32 and 64 580 

days). A more in-depth look to the Q and ASL time series for the above mentioned 581 

periods of time indicated that in general an increase/decrease in Q resulted in 582 

larger/smaller ASL values.  583 

Finally, the PtB-GR Q and ASL time series were also split into two segments due 584 

to the presence of data gaps (Figure 10). As in the previous two cases, the annual signal 585 

shows high coherence. Common events occurred mainly during winter months (mostly 586 

January and February), associated with heavier river discharge rates (not shown). For 587 

example, high power was observed during January 2003, 2004, 2007, 2008 and 2009 at 588 
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time scales between 64 and 128 days. Figure 11 illustrates an event of very high river 589 

discharge and ASL values during January 2004; an event of smaller magnitude can also 590 

be observed during April-May. 591 

Overall, results from the XWT analysis indicate that the effect of river discharge 592 

on sea level is principally concentrated on the annual signal; however, the phase lag at 593 

this scale does not seem to show a constant behaviour in any of the locations (see 594 

Figures 5, 8, and 10) and hence, a cause and effect relationship between Q and ASL 595 

cannot be clearly established for the annual signal. This could be related to the fact that 596 

the main mechanism driving the ASL annual signal is the steric effect. A more in depth 597 

study would be necessary, but it goes beyond the scope of this work. High common 598 

power is also observed during storm events linked to the river discharge seasonal cycle 599 

which is also subject to interannual variations. In these cases, the Q and ASL time series 600 

seem to be nearly in-phase, indicating a small time lag between high river discharge and 601 

high ASL values during those events.  Therefore, a POT analysis was applied in order to 602 

obtain a relationship between the maximum Q and sea level values during storm events. 603 

Furthermore, the mean sea level time series were high-pass filtered using a cosine-604 

Lanczos filter with a 185-day cut-off period in order to eliminate the seasonal cycle. 605 

Thus, only synoptic effects will be observed. Bearing in mind that the effect of river 606 

discharge on MSL can be addressed separately, a first attempt to carry out the POT 607 

analysis between Q and MSL was made, obtaining poor results mainly for the PtB-GR 608 

system. However, when using the pressure-adjusted sea level (ASL), a more clear effect 609 

of Q was obtained, suggesting that the effect of atmospheric pressure on sea level might 610 

be masking that of river discharge. Hence, only results referring to ASL will be 611 

discussed. 612 
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The threshold for the Bil-NV system was set to values above 150 m3 s-1, that 613 

resulted in a total of 21 storm events that represented only 1.5% of the time series 614 

length. The regression line obtained for the selected storm events (i.e., when Q > QThrs) 615 

had the form bxay +⋅= , where x and y are the numerical values for the river 616 

discharge in m3 s-1 and mean sea level in m for those events. The fitted line had a slope 617 

a = 6.7×10-2 s m-2, with a correlation coefficient of 0.56, significant at the 95% 618 

confidence level (Figure 12a). This regression line was used to correct the segments of 619 

the ASL time series corresponding to the selected storm events. The mean value of the 620 

corrected ASL segments (i.e., storm periods) was reduced by approximately 13.6 cm, 621 

with the river discharge explaining about 10% of the ASL variance during the storm 622 

events. However, when comparing the mean sea level value of the full time series for 623 

the uncorrected and corrected ASL (ASLQ, hereafter), a negligible difference (~0.2 cm) 624 

was observed. Furthermore, no reduction in the ASLQ time series variance was obtained. 625 

This seems to indicate that, although there is a good correlation between river discharge 626 

rates and ASL during storm events, the cumulative effect of such storms on sea level is 627 

weak, as also observed with the stepwise multiple regression.  This is probably due to 628 

the fact that this river presented very few storm events (i.e., Q > 150 m3 s-1 represented 629 

only 1.5% of the time series length) and that these did not show very heavy discharge 630 

rates for the selected period. In fact, the maximum discharge rates observed during the 631 

study period were 534 m3 s-1, with an average of 225 m3 s-1 during the extreme events.  632 

Since the POT method is not affected by the presence of large gaps in the time 633 

series, the two periods selected for the BY-AD system (1976-1996 and 2000-2008) 634 

were jointly used. In this case,  QThrs was set to 700 m3 s-1. A total of 113 storm events 635 

were found that produced a linear fit of the type bxay +⋅= , as before, with a slope a 636 

= 1.3×10-5 s m-2,  and a correlation coefficient of 0.51, significant at the 95% confidence 637 
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level (Figure 12b). When correcting the segments of the ASL time series corresponding 638 

to the storm events (i.e., when Q > QThrs) using the linear regression line obtained, its 639 

mean value was reduced by approximately 15.6 cm for the events and in about 1.1 cm 640 

for the full period. River discharge explained approximately 13% of the ASL variance 641 

during the storm periods and about 4% of the full ASL time series variance.  642 

Due to the large size of the Gironde river catchment, the threshold value for the 643 

PtB-GR system was set to 1100 m3 s-1. Moreover, the selected extreme events adjusted 644 

to a power function of the form bxay ⋅= , where x and y are the numerical values for 645 

the river discharge in m3 s-1 and mean sea level in m for those events. The coefficients 646 

obtained were a = 0.229 s m-2 and b=0.050 (dimensionless) with a correlation 647 

coefficient of 0.75 significant at the 95% confidence level (Figure 12c). When 648 

correcting the MSL time series using the resulting power function, a sea level reduction 649 

of approximately 3 cm was obtained during the selected events. The percentage of ASL 650 

variance explained by river discharge during the selected storm events was 651 

approximately 53.6%.  652 

Overall, the POT results suggested that although the effect of Q on MSL could 653 

be addressed separately because it is independent from the other forcing mechanisms 654 

considered, their effect on MSL can be actually masking that of Q. The main forcing 655 

factors were atmospheric pressure and wind stress, the former producing a dynamic 656 

response on the sea level that is very difficult to separate from that caused by wind 657 

stress. Pascual et al. (2008) suggested that the best method to remove meteorologically 658 

induced signals from tide gauge sea level records was using the residuals computed by 659 

the HAMSOM model within the European Union project Hindcast of Dynamic 660 

Processes of the Ocean and Coastal Areas of Europe (HIPOCAS) (Guedes Soares et al., 661 

2002; Sotillo et al., 2005). This model computes the response of sea level from the 662 
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equations of motion instead of assuming an empirical formulae to correct the wind set-663 

up and an isostatic inverted barometer response. However, the HIPOCAS hindcast data 664 

were produced for the years 1958-2001, hence not covering the full time period 665 

analyzed in this study. Thus, a first attempt to eliminate the masking effects of 666 

atmospheric pressure on MSL was done by simply adjusting the MSL time series 667 

through the inverted barometer correction. When carrying out the POT analysis between 668 

Q and ASL, results indicated that extreme river discharge values resulted in higher ASL 669 

values at the three tide gauge records. In these cases, correcting the ASL values using 670 

linear (Nervión, Adour) or power (Gironde) functions, as explained in Section 3.4, 671 

produced ASL values similar to those observed along the ASL time series during non-672 

storm conditions. However, some extreme runoffs were accompanied by lower sea level 673 

(ASL) values, probably related to the atmospheric pressure (dynamic response) or wind 674 

stress fields. In those cases, the ASL values obtained after correcting with the above 675 

mentioned functions were too low when compared to those observed before such 676 

events. Addressing the effect of other forcing mechanisms, such as wind set up, would 677 

help to elucidate those anomalously low ASL values observed during high river 678 

discharge events.  679 

 680 

5.3 Sea level response to river discharge: numerical model 681 

Figure 13 shows the ROMS model results for the region surrounding the 682 

Nervión river. Maps are calculated by subtracting, on a point-by-point basis, the average 683 

mean sea level of the two model simulations that are being compared: (a) simulation 684 

with rivers (R01) versus control run for the full time period; (b) simulation with rivers 685 

and zero salinity (R02) versus control run for the full time period; (c) and (d) are 686 

equivalent to (a) and (b) but only for extreme events. The R01 model simulation showed 687 
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an average mean sea level very similar to that of the control run, both when looking at 688 

the full time period (panel a, sea level differences < 0.1 cm) and when focusing on the 689 

storm events (panel c, sea level differences < 0.5 cm). Thus, the addition of a relatively 690 

small volume of water (i.e., a mean / maximum discharge rate of 21.3 m3 s-1 / 534 m3 s-691 

1) with the same salinity (i.e., density) as the surrounding waters does not produce any 692 

significant effect. The R02 model simulation shows an average sea level increase of 693 

approximately 0.7 cm at the discharge point for the full time period (panel b) that 694 

quickly decreased to about 0.3 cm at a distance of 25 km from the discharge location. 695 

When looking at the storm events (panel d), a mean sea level difference of about 2 cm is 696 

observed at the discharge point, very similar to that obtained at the Bilbao tide gauge. In 697 

this case, the buoyancy plume extends further offshore up to a distance of about 30 km 698 

from the discharge point, where it shows a mean sea level difference of about 0.3 cm. 699 

The extension of the buoyancy plume does not seem to form a permanent coastal 700 

current over the full studied period; rather, it appears during storm events. Similarly, 701 

previous studies (Ferrer et al., 2009) had shown that the freshwater input from the 702 

Nervión river can generate low-salinity plumes that are observed under specific 703 

oceanic-meteorological conditions and that extend over 15-20 km from the river mouth.  704 

Figure 14 shows the ROMS model results for the region surrounding the Adour 705 

river. Maps are calculated as above. The R01 simulation showed no differences with the 706 

control run for the full time period (panel a) and presented an average mean sea level 707 

increase of just 0.15 cm at the discharge location for the extreme events (panel b). No 708 

more differences were observed beyond the river mouth, again suggesting the 709 

immediate mixing with the surrounding waters. When imposing a zero salinity value for 710 

the river runoff (simulation R02), sea level at the discharge location increases an 711 

average of about 3 cm for the full time period (panel b) and about 6 cm during the storm 712 
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events (panel d). In both cases, a plume of higher mean sea level is observed spreading 713 

offshore from the river mouth up to approximately 28 km (measured perpendicular to 714 

the coast), where it shows a maximum difference of 0.5 cm. The extension of this plume 715 

presents similar values to those reported by Ferrer et al. (2009) for the same river. This 716 

plume then extends northward along the coast, suggesting the generation of a coastal 717 

density current through the balance between the Coriolis force and the cross-shore 718 

pressure gradient developed due to the "freshening" of coastal waters (McClimans, 719 

1986). The difference in sea level at the discharge point obtained from the POT analysis 720 

(~15.6 cm) and the ROMS R02 simulation (~6 cm) for the storm periods is probably 721 

due to the time period difference. In fact, Figure 3c shows that the largest river 722 

discharge events took place during years 1981, 1982, 1993 and 1992, not included in the 723 

ROMS results.  724 

The Gironde river results are shown in Figure 15. The R01 simulation showed 725 

maximum sea level differences with respect to the control run of about 0.4-0.6 cm at the 726 

discharge location. A small plume of sea level differences of about 0.2 cm at the front 727 

extends around 33 km offshore, both for the full time series (panel a) and for the storm 728 

events (panel c). Note that this plume is not visible due to the figure's contour scale. 729 

This reflects the size of the mean / maximum discharge rates (733.2 m3 s-1 / 6068 m3 s-1) 730 

of this river that continuously adds a large volume of water to the coastal area. 731 

However, since the added water has the same density as the surrounding waters, it does 732 

not form a density current. When imposing the river outflow with zero salinity (model 733 

run R02), an average increase in sea level (with respect to the control run) of 5 cm / 7 734 

cm was observed at the river mouth for the full time series / extreme events. Moreover, 735 

a plume of higher sea level extended offshore, more notably for the selected extreme 736 

events (panel d). For the extreme events, sea level values of about 2 cm were observed 737 
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at the front of the plume, approximately 33 km distance from the river mouth, when it 738 

turned northward, again suggesting the development of a density current. The front of 739 

sea level values around 2 cm was observed up to a distance of about 105 km northward 740 

of the river mouth, consistent with the large buoyancy plumes described for this river. 741 

 742 

6. Summary and conclusions 743 

In this manuscript, we explored the contribution of river discharge storm events 744 

on the non-tidal sea level variability within the Bay of Biscay. For this purpose, we 745 

analysed time series of daily means of sea level heights from three tide gauge stations 746 

located within the mouth of a small (Nervión), medium (Adour) and large (Gironde) 747 

river, as well as daily river discharge rates (Q) for each of the above mentioned rivers. 748 

Moreover, we carried out three numerical simulations using the high resolution 749 

hydrodynamics model ROMS. First, a control run was performed that did not include 750 

river runoff. Second, a scenario including daily river discharges for each of the three 751 

rivers was carried out with the aim of simulating the effects of adding extra volumes of 752 

water to the system. Finally, a simulation including river discharges with zero salinity 753 

was performed in order to explore the effects that the low-salinity plume might have on 754 

the sea level. 755 

Before addressing the effect of river discharge on sea level, a stepwise multiple 756 

regression was carried out for each tide gauge in order to evaluate the percentage of sea 757 

level variability (adjusted R2) explained by atmospheric pressure, zonal and meridional 758 

wind stress components, steric effect, and river discharge. Results indicated that the best 759 

predictor was atmospheric pressure, that explained the major part of the sea level 760 

variability. The second best predictor was the alongshore wind stress component. The 761 

Bilbao and Port Bloc stations are placed within a straight long coast, and hence, de-762 
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tided sea level is expected to respond to the Ekman transport generated by alongshore 763 

winds (Csanady, 1982). The Boucau-Bayonne station is located in a corner formed by 764 

the Spanish and French coastlines. Thus, it is expected that sea level would be related to 765 

zonal wind stress, either through a direct effect, or indirectly through the generation of 766 

an alongshore eastward flowing current along the northern Spanish coast. Sea level 767 

seemed to mainly respond dynamically to the atmospheric pressure field, as expected 768 

within shallow continental shelves (Pugh, 1987). This dynamic response is very difficult 769 

to separate from that caused by wind stress and hence, they should be jointly studied 770 

using numerical models like HAMSOM (Pascual et al., 2008). Since the available data 771 

derived for this model does not cover the time period analyzed in this study, the effect 772 

of atmospheric pressure (dynamic response) and wind stress will not be removed. 773 

Finally, time-lagged linear correlations carried out between river discharge and the other 774 

forcing mechanisms considered indicated that river discharge can be considered as 775 

independent and hence its effect on sea level can be studied separately. For this purpose, 776 

two statistical methods were used, namely the Cross Wavelet Transform and the "peak-777 

over-threshold" analysis. Although the inverted barometer correction produced a small 778 

effect on the MSL, results from the POT analysis suggested that atmospheric pressure 779 

could be masking the effects of river discharge on sea level. Hence, the results presented 780 

will only refer to the sea level time series corrected with the inverted barometer (ASL). 781 

Cross Wavelet Transform (XWT) analysis performed between river discharge 782 

and the pressure-corrected sea level time series (ASL) resulted in similar results for the 783 

three rivers; more specifically, it showed that the effect of river discharge on ASL is 784 

mainly concentrated on the annual signal. Since the phase lag at this scale did not seem 785 

to show a constant behaviour in any of the locations, a cause and effect relationship 786 

between Q and ASL could not be established for the annual signal. This could be related 787 
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to the fact that the main mechanism driving the ASL annual signal is the steric effect. A 788 

more in depth analysis would be necessary, probably using the "Morlet" mother wavelet 789 

that specifically designed to study periodic signals, but it goes beyond the scope of this 790 

work.  High common power was also observed during storm events linked to the rivers 791 

seasonal cycle. In these cases, the Q and ASL time series were nearly in-phase, 792 

indicating a small time lag between high river discharge and high ASL values during 793 

those events. Thus, a "peak-over-threshold" (POT) analysis was carried out with the aim 794 

of obtaining a relationship between the maximum Q and ASL values during storm 795 

events. These were defined in terms of the river discharge rate exceeding a certain 796 

threshold as obtained from the POT analysis. Results from the Bil-NV system that 797 

represents the case of a small river, showed that the effect of storm events (Q > 150 m3 798 

s-1) on ASL was mainly noticed during such events but did not propagate along the full 799 

time series, reflecting the relatively few storm events that took place during the studied 800 

period, as well as the low discharge rates observed during such events in comparison 801 

with larger rivers. This agreed with the ROMS model results that also showed a very 802 

small sea level difference confined in a small area around the river mouth, more notable 803 

during the storm events. The river runoff threshold for the BY-AD system was set to 804 

700 m3 s-1. When correcting the segments of the ASL time series corresponding to the 805 

storm events, its mean value was reduced by approximately 15.6 cm for the events and 806 

in about 1.1 cm for the full ASL time series, with the river discharge explained 807 

approximately 13% / 4% of the ASL variance for the storm / full period. The ROMS 808 

simulation when zero salinity for the river outflow was imposed (simulation R02) 809 

indicated a maximum sea level increase of about 6 cm / 3 cm for the storm / full period. 810 

This difference is probably due to the fact that the POT analysis was performed for a 811 

longer time period that presented very large and numerous storm events. The model R02 812 
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simulation showed  a plume of higher sea level seaward of the river mouth and along 813 

the coast, suggesting the generation of a coastal density current through the balance 814 

between the Coriolis force and the cross-shore pressure gradient. The offshore extension 815 

of this plume was approximately 28 km, in agreement with previous results for the 816 

region (Ferrer et al., 2009). Due to the large size of the Gironde river catchment, the 817 

threshold value for the PtB-GR system was set to 1100 m3 s-1 during the POT analysis. 818 

In this case, storm events increased the ASL  mean value by approximately 3 cm and 819 

accounted for approximately 53.6% of the ASL variance during the events. The results 820 

from the numerical experiments also showed a larger sea level increase when imposing 821 

a zero salinity condition on the river outflow (simulation R02), corroborating the idea 822 

that an input of lower salinity (i.e., less dense) water will produce a sea level increase 823 

due to the buoyancy plume. This model simulation showed an average increase in sea 824 

level (with respect to the control run) of 5 cm / 7 cm at the river mouth for the full time 825 

series / extreme events. Furthermore, a plume of higher sea level extended offshore, 826 

more notably for the selected extreme events, when average sea level values of about 2 827 

cm were observed at the front of the plume, approximately 33 km distance from the 828 

river mouth; then, the plume turned northward showing sea level values of 2 cm up to a 829 

distance of about 105 km from the river mouth, consistent with the development of a 830 

large buoyancy plume as previously described for this river. 831 

  832 
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Figures captions 1189 

 1190 

Figure 1. Map of the Bay of Biscay showing the position of some geographical features 1191 

mentioned in the text, such as Cape Ortegal, and the mouths of the Nervión, Adour and 1192 

Gironde rivers. Solid black stars mark the position of the three tide gauge stations 1193 

referred to in the text, namely, Bilbao, Boucau-Bayonne, and Port-Bloc. The 200, 500, 1194 

1000, 2000, 3000 and 4000 m isobaths from the ROMS bathymetry are shown for 1195 

reference. The dashed gray line marks the limits of the model's domain.  1196 

 1197 

 1198 

Figure 2. (a) Time series of daily (3-day moving average) detrended atmospheric 1199 

pressure (MSLP) at the closest point to the Bilbao tide gauge station; (b) time series of 1200 

daily detrended sea level anomalies (MSL) for the Bilbao tide gauge station; (c) time 1201 

series of daily (3-day moving average) detrended river discharge rates (Q) for the 1202 

Nervión river; (d) same as in (b) but after applying the inverted barometer correction 1203 

(ASL). 1204 

 1205 

 1206 

Figure 3. (a) Time series of daily (3-day moving average) detrended atmospheric 1207 

pressure (MSLP) at the closest point to the Boucau-Bayonne tide gauge station; (b) time 1208 

series of daily detrended sea level anomalies (MSL) for the Boucau-Bayonne tide gauge 1209 

station; (c) time series of daily (3-day moving average) detrended river discharge rates 1210 

(Q) for the Adour river; (d) same as in (b) but after applying the inverted barometer 1211 

correction (ASL).  1212 

 1213 
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 1214 

Figure 4. (a) Time series of daily (3-day moving average) detrended atmospheric 1215 

pressure (MSLP) at the closest point to the Port-Bloc tide gauge station; (b) time series 1216 

of daily detrended sea level anomalies (MSL) for the Port-Bloc tide gauge station; (c) 1217 

time series of daily (3-day moving average) detrended river discharge rates (Q) for the 1218 

Gironde; (d) same as in (b) but after applying the inverted barometer correction (ASL).  1219 

 1220 

 1221 

Figure 5. Cross wavelet power spectrum of Q and MSL for the Bilbao-Nervión system, 1222 

displayed as a function of period and time. Colour contours represent cross wavelet 1223 

power and vectors indicate the relative phase relationship between the two time series 1224 

(with in-phase pointing right, anti-phase pointing left, Q/MSL leading MSL/Q by 90º 1225 

pointing straight down/up). The wavelet power is normalized by 1/σ2, where σ2 is the 1226 

variance. The thin black line delineates the cone of influence (COI). The main periods 1227 

discussed in the manuscript have been marked with black rectangles. 1228 

 1229 

 1230 

Figure 6. (a) Time series of daily (3-day moving average) detrended atmospheric 1231 

pressure (MSLP) at the closest point to the Bilbao tide gauge station for year 2005; (b) 1232 

time series of daily (3-day moving average) detrended river discharge rates (Q) for the 1233 

Nervión river; (c) time series of pressure-adjusted sea level anomalies (ASL) for the 1234 

Bilbao tide gauge station. 1235 

 1236 

 1237 
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Figure 7. (a) Time series of daily (3-day moving average) detrended atmospheric 1238 

pressure (MSLP) at the closest point to the Bilbao tide gauge station for year 1997; (b) 1239 

time series of daily (3-day moving average) detrended river discharge rates (Q) for the 1240 

Nervión river; (c) time series of pressure-adjusted sea level anomalies (ASL) for the 1241 

Bilbao tide gauge station. 1242 

 1243 

 1244 

Figure 8. Cross wavelet power spectrum of Q and MSL for the Bayonne-Adour system, 1245 

displayed as a function of period and time. Colour contours represent cross wavelet 1246 

power and vectors indicate the relative phase relationship between the two time series 1247 

(with in-phase pointing right, anti-phase pointing left, Q/MSL leading MSL/Q by 90º 1248 

pointing straight down/up). The wavelet power is normalized by 1/σ2, where σ2 is the 1249 

variance. The thin black line delineates the cone of influence (COI). 1250 

 1251 

 1252 

Figure 9. (a) Time series of daily (3-day moving average) detrended atmospheric 1253 

pressure (MSLP) at the closest point to the Boucau-Bayonne tide gauge station for year 1254 

2000; (b) time series of daily (3-day moving average) detrended river discharge rates 1255 

(Q) for the Adour river; (c) time series of pressure-adjusted sea level anomalies (ASL) 1256 

for the Boucau-Bayonne tide gauge station. 1257 

 1258 

 1259 

Figure 10. Cross wavelet power spectrum of Q and MSL for the Port-Bloc-Gironde 1260 

system, displayed as a function of period and time. Colour contours represent cross 1261 

wavelet power and vectors indicate the relative phase relationship between the two time 1262 
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series (with in-phase pointing right, anti-phase pointing left, Q/MSL leading MSL/Q by 1263 

90º pointing straight down/up). The wavelet power is normalized by 1/σ2, where σ2 is 1264 

the variance. The thin black line delineates the cone of influence (COI). 1265 

 1266 

 1267 

Figure 11. (a) Time series of daily (3-day moving average) detrended atmospheric 1268 

pressure (MSLP) at the closest point to the Port-Bloc tide gauge station for year 2004; 1269 

(b) time series of daily (3-day moving average) detrended river discharge rates (Q) for 1270 

the Gironde river; (c) time series of pressure-adjusted sea level anomalies (ASL) for the 1271 

Port-Bloc tide gauge station.  1272 

 1273 

 1274 

Figure 12. Results obtained from the POT analysis for the (a) Bilbao - Nervión, (b) 1275 

Bayonne-Adour, and (c) Port-Bloc - Gironde systems, respectively. Dots represent the 1276 

extreme values obtained from the POT analysis and lines correspond to the regression 1277 

fit performed. ASL values have been expressed in metres for plotting purposes. 1278 

 1279 

 1280 

Figure 13. ROMS results showing a region around the Nervión river. The 200 m 1281 

isobath is shown for reference. Maps are calculated by subtracting, at each grid point, 1282 

the sea level time series of the two model simulations under comparison and then 1283 

computing the average value: (a) simulation with rivers (R01) versus control run for the 1284 

full time period; (b) simulation with rivers and zero salinity (R02) versus control run for 1285 

the full time period; (c) and (d) are equivalent to (a) and (b) but only for the extreme 1286 

events as defined in the text. 1287 
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 1288 

 1289 

Figure 14. ROMS results showing a region around the Adour river. The 200 m isobath 1290 

is shown for reference. Maps are calculated by subtracting, at each grid point, the sea 1291 

level time series of the two model simulations under comparison and then computing 1292 

the average value: (a) simulation with rivers (R01) versus control run for the full time 1293 

period; (b) simulation with rivers and zero salinity (R02) versus control run for the full 1294 

time period; (c) and (d) are equivalent to (a) and (b) but only for the extreme events as 1295 

defined in the text. 1296 

 1297 

 1298 

Figure 15. ROMS results showing a region around the Gironde river. The 200 m 1299 

isobath is shown for reference. Maps are calculated by subtracting, at each grid point, 1300 

the sea level time series of the two model simulations under comparison and then 1301 

computing the average value: (a) simulation with rivers (R01) versus control run for the 1302 

full time period; (b) simulation with rivers and zero salinity (R02) versus control run for 1303 

the full time period; (c) and (d) are equivalent to (a) and (b) but only for the extreme 1304 

events as defined in the text. 1305 

 1306 
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