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Abstract. The Gironde Estuary, one of the largest Euro- al., 2007) (Fig. 1). Due to a strong marine influence, the
pean ones, presents temporary low dissolved oxygen corresidence times of water and suspended particulate matter
tent in its fluvial section close to the Bordeaux urban area(SPM) are long, leading to a well-developed turbidity maxi-
In a context of population growth and of long-term envi- mum zone (TMZ), with SPM concentrations up to few giL
ronmental changes, the development of a high-frequencyAllen et al., 1977, 1980; Jouanneau et al., 1999; Saari et
monitoring programme of the fluvial-estuarine system of theal., 2010). The Gironde Estuary was estimated to contribute
Gironde, called MAGEST (MArel Gironde ESTuary), had 60% of the input of fine sediments to the continental shelf of
appeared essential to address current and future water-qualithe Bay of Biscay (Castaing and Allen, 1981). Although this
issues/evaluations. The objectives of the MAGEST surveysystem drains one of the less urbanized/industrialized water-
program are to establish a reference database to improve tteheds in Europe (Abril et al., 2002; Etcheber et al., 2007),
knowledge of the Gironde Estuary functioning, encompassit is polluted by heavy metals, preventing oyster and mussel
ing the aspects of hydrology, sediment dynamics and bio{production within the estuary (Latouche, 1988). This chronic
geochemistry. Through examples of results from intratidal tometal pollution is due to former mining and smelting activi-
seasonal time scales, we demonstrate how such a long-terrties during the late 19th century in the upper reaches of a trib-
high-frequency monitoring of a fluvio-estuarine system is of utary (Scléfer et al., 2006; Saari et al., 2007). Persistent or-
valuable interest to extract the main trends of its function-ganic pollutants have been also measured through the French
ing and of the water quality in relation to external forcings RNO network survey (Bseau National d’Observation de
(climatology, urban wastes, land use, ...) and to predict thda qualie du milieu marinhttp://www.ifremer.fr/lern/Pages/
future evolution of an estuary with global and environmental Programme/rno.htin These pollutions are relatively well
changes. documented and explained.

Regarding the ecosystem of the Gironde estuary, a critical
problem is the occurrence of temporary low dissolved oxy-
1 Introduction gen content in its fluvial section close to the Bordeaux urban
area. Such episodic hypoxias are of major concern regarding

With its 625 kn?, the Gironde Estuary (S-W France) is one migratory fishes, like salmon or eel. The first hypoxia event
of the |arge5t European estuaries in terms of surface are@was recorded in 1962. Thereafter several eplsodes have been

and mean annual discharges1(100n¥s1; Etcheber et reported, in particular during severe droughts (1976, 1989).
At present, the question is more the timing and the duration
of these episodes during the year. In the absence of historical

Correspondence tdS. Schmidt detailed dataset, it is difficult to clearly determine the origin
BY

(s.schmidt@epoc.u-bordeaux1.fr) of these hypoxias. Notwithstanding, environmental changes
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have been observed over the last decades. The bathymetry:
had changed drastically upstream Bordeaux, with a deepen- S
ing of the Garonne bed due to intensive ballast extraction
from 1960 to 1982. Up to 30km upstream Bordeaux, the
riverbed, previously gravelly, is now muddy, which promotes
an increase of turbidity due to sediments resuspension. Over
the last 15 years, the intensification of low-water level pe- _
riods maintains for several months the maximum turbidity | ‘ocear
zone in the upper estuary. Increases in temperatur@@y2
and salinity (+3) of central estuarine waters were also reg-
istered between 1978 and 2003 (Savoye et al., 2009), with
a direct influence on behavior and distribution of zooplank-

ton communities (David et al., 2005). In future, the com- ( B\ Guitres

bination of TMZ stagnation and temperature increase could i oof%% &

drastically lower dissolved oxygen saturation in summers. ' y e
Likewise, rivers and estuarine systems around the world ‘ 5

are affected by changes in land use, hydrological and biogeo- BORDEAK A

chemical cycles mainly driven by the continuous increase in _%@ Pessac

population (Neal, 2004; Schmidt et al., 2007; Perillo et al., _ ‘

% PORTETS
2007; Garel et al., 2009; Borja et al., 2010; Boyer et al., 2
2010; Sabater and Stevenson, 2010). Land use and climate e LaRede
in conjunction with geology, are the ultimate determinants of e — ' S
hydrology and water quality, thereby acting as the primary
drivers of change in structure and function of rivers (Mey- Fig. 1. Location map of the Gironde fluvial-estuarine system show-
beck and Helmer, 1989; Alcamo et al., 2007; Hoffman eting the main tributaries (Garonne, Dordogne) and the four instru-
al., 2010; Zolina et al., 2010). Thus, predicting response ofmented sites (red squares): Libourne, Portets, Bordeaux and Pauil-
estuarine system to global changes and local impacts is critac. Graduations indicate the kilometric distance from Bordeaux
ical to protect or restore good water quality and ecosystentity (SOMLIT stations: PK30, PK52, PK67, PK82; see Saari el al.,
functioning (Johnson et al., 2009; Stevenson and Sabate?,ow for o_IetaiIs). The lines show the navigation and the Saintonge
2010). The importance of time series in aquatic system ha§hannels in the estuary.
been recognized long ago to better understand the long-term
changes (Neal, 2004; Baborowski et al., 2004; Blain et al.,

2004; Horowitz, 2009). 2 Description of the high-frequency monitoring
In such a context of long-term environmental changes, i.e.  hetwork of the Gironde
climate and population growth, the development of a long-
term monitoring program of the fluvial-estuarine system of 2.1 The Gironde fluvial-estuarine system
the Gironde had thus appeared essential for addressing cur-
rent and future water-quality issues and evaluations. The obThe Gironde watershed (71000kmis formed by the
jectives of the MAGEST network since 2005 was to estab-Garonne River (comprising 65% of the freshwater input) and
lish a reference database to improve the knowledge of thé&ordogne River (35% of the fresh water input) (Fig. 1). Itis
Gironde Estuary functioning, encompassing the aspects oé partially mixed to well-mixed macrotidal estuary with tidal
hydrology, sediment dynamics and biogeochemistry. After aamplitudes from 1.5 to 5m at the mouth. The depth ranges
brief description of the Gironde fluvio-estuarine system, webetween 5 and 8 m in the upper estuary and can reach up to
present the automated stations and examples of dataset to 0 m in the lower estuary (Fig. 1; Sottolichio and Castaing,
lustrate the interest of this monitoring. Such high-frequency1999). During one tidal cycle, the ocean inputs are 30—40x
time-series would permit to better understand the functioninggreater than the freshwater inputs (Allen et al., 1977). The
of the Gironde Estuary and the evolution of its water qual-tidal wave propagates 180 km upstream from the mouth (Sot-
ity in relation with external forcings (climatology, urban dis- tolichio and Castaing, 1999). The tidal amplitude increases
charges, land use, ...) and to predict the potential evolutionprogressively towards the upper estuary, reaching its maxi-
of this system with environmental changes. We conclude ormum value at 120 km from the mouth before decaying in the
the interest of long-term, high frequency monitoring of wa- fluvial narrow sections. Therefore the Gironde is described
ter quality in transient waters, based on the use of real-timeas a hypersynchronous estuary following the classification of
continuous systems, not common in estuarine systems. Le Floch (Allen et al., 1980). The upstream limits for the dy-
namic tidal zone are: La&le for the Garonne River, Pessac
for the Dordogne River and Giwes for the Isle River (Fig. 1).
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The Gironde Estuary is marked by a pronounced turbid-spectively: they are likely to register the riverine inputs. The
ity maximum zone (TMZ) resulting from the asymmetry of present network does not include, for instance, a station at
the tidal wave when propagating upstream, coupled to denthe mouth. Considering the acquisition (about 100 keuros)
sity residual circulation. The seasonal variability of SPM of and operating (about 10-15 keuros per year) budgets of one
estuarine waters is remarkable, with values ranging betweestation, the equipment of the mouth was not considered as
0.1 and 10gL?L. In the core of the TMZ, suspended par- a priority. First the problem of episodic hypoxia occurs in
ticulate matter (SPM) concentrations in surface water are althe fluvial section. Secondly there is a previously existing
ways higher than 1gt! (Castaing and Allen, 1981). The long-term survey, SOMLIT (Service d’Observation en Mi-
main parameters controlling SPM transport in and out of thelieu Littoral, INSU-CNRS; David et al., 2005), in the down
Gironde Estuary are river flow and tidal currents, modulatedand central Gironde Estuary. Since 1978, temperature, salin-
by tidal range. During slack water periods, mainly on neapity, SPM, dissolved oxygen, chlorophyll and pheopigment
tides, suspended matter settling is enhanced and fluid mudre measured 10 times per year from surface and bottom wa-
(SPM> 100 g L™1) appears on the channel bottom, forming ters at four stations (Fig. 1) during one tidal cycle.
elongated patches of 10-15km length and 2m thick, with The two network are complementary, although with
concentrations up to 300gt (Sottolichio and Castaing, slightly different purposes. SOMLIT is a national survey
1999). The turbidity maximum zone moves along the estu-program of coastal waters to collect long-term series of
ary depending on horizontal tidal excursions and changes ogcosystem changes. The MAGEST network is more focused
fluvial discharge. During the period of low discharge (May— on the link between the estuary and the watershed: the objec-
November) the TMZ moves up-estuary, oscillating betweentives are not only to record changes in water quality, but also
PK30 and Portets and Libourne (Fig. 1); in contrast, dur-to offer an operational high-frequency tool for water qual-
ing high fluvial discharge (December—May) the TMZ moves ity management. This explains the choice of the stations:
down-estuary (between stations PK30 and PK67; Fig. 1)MAGEST being located in the central and fluvial estuary;
(Allen et al., 1977; Saari et al., 2010). TMZ particles presentSOMLIT in the central and down estuary. The central estuary
a low particulate organic carbon content (POC,.6.1 %) is common with station PK52 in channel waters for SOMLIT,
and lability (Etcheber et al., 2007). Only 10% of POC is au- and Pauillac on the riverbank for MAGEST (Fig. 1). A re-
tochthonous (phytoplankton), with primary production being cent comparison exercise had showed a good agreement be-
strongly light-limited and thus reduced in this turbid system. tween the two data series for temperature and salinity (Ben

Mustapha, 2010). Turbidity values are less comparable be-
2.2 Strategy of the long-term monitoring tween the two datasets (PK52, Pauillac). This could be in

relation with the localization. But the main explanation is
The main objective of the MAGEST monitoring is to better |ikely the high heterogeneity of this parameter. Nevertheless
quantify the impact of the TMZ and of changes on land useturbidity values of both survey agree for the occurrence or

on the dissolved oxygen content and the related risks of asnot of the turbidity maximum zone in the central estuary.
phyxia of biological communities. This survey will permit to

acquire reliable and detailed time-series under different hy2.3 The MAREL automated stations
drologic regimes in order to understand factors involved in
oxygen consumption. Such knowledge is essential to predicThe four sites of the MAGEST network are instrumented
the evolution of water quality of the Gironde fluvial-estuarine with a real-time measurement system of selected water pa-
system in response to climate and environment forcing. rameters: temperature, salinity, turbidity and dissolved oxy-
We have selected four parameters to characterize wategen (Fig. 2). The first implemented station was Pauillac in
quality: temperature, salinity, turbidity and dissolved oxy- the central estuary, the 15 June 2004. Acquisition at Portets
gen. Temperature and salinity are reliable parameters andnd Libourne stations had begun the 16 November 2004 and
representative of the hydrologic conditions (marine intrusion,at Bordeaux station the 16 March 2005.
riverine discharges, seasons). Turbidity is a key parameter of The stations were installed on previously existing float-
the Gironde Estuary: it is a good tracer of the hydrodynamic.ing landing stages. This choice was different from previ-
Dissolved oxygen content is a direct indicator of the waterous MAREL systems, on the Seine river (Woerther, 2002;
quality. Dur et al.,, 2007; Schmitt et al., 2008) and in the rade
To optimize the survey, four stations have been selected ade Brest (Blain et al., 2004), based on anchored buoys
representative of the estuarine waters (Fig. 1). The first staaway from the banks. Our main criteria were the needs
tion is Pauillac: it is located 52 km downstream Bordeaux. Itfor protection of the system in a highly dynamic sys-
is considered as a reference of the central estuary. The setem (river floods often carry large branches or trunks in
ond station is Bordeaux, considered as an urban one: it ithe axis of the channel) but also an easier access in case
located in a large agglomeration of nearly 1 million of inhab- of breakdown. The architecture of the monitoring sys-
itants. The two last stations are situated in the fluvial estuarytem, so-called MAREL, consists in an autonomous measur-
Libourne on the Dordogne and Portets on the Garonne reing system, a bi-directional telecommunication link using
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(£0.3mScnmtl). The sensors in used at Portets and Li-
bourne, in the fluvio-estuarine section, have a lower range
(0—2mScntl) but a higher precision (0.1 mScrh. The
salinity is expressed using the UNESCO Practical Salinity
Scale of 1978. An ultrasonic level controller measures the
water depth of the river.

Recorded data correspond to instantaneous values that
are measured every 10 min, and transmitted to a dedicated
website of the University of Bordeauktfp://www.magest.
u-bordeauxl.i. The station is equipped with a cellular GSM
transmission system to transmit the data to the web server.
The Web data are updated every six hours. In case of com-
munication failure, there is an automatically generated alarm
to the users. A preliminary diagnosis is possible through the
remote control of the in situ station. These real-data are com-
plemented with two operations to ensure data quality. The
first operation consists in checking on the 3-month basis the
in situ system; the second in calibrating the associated sen-
sors to validate the data-series.

3 Results and discussion

3.1 Overview on station functioning

From 2005, the MAGEST network had allowed the acquisi-
tion of the equivalent of about 45 months per station, which

N . . -
parts of the measuring systeft) the pump(2) the measuring cell, corresponds to about 75% of time in Service. In 5 years,
(3) the transmission systerf) measurement and control electronic MAGEST had produced more than one million of data docu-

system,(5) the electric power supply, an@) the antifouling sys- menting the water quality of the Gironde Estuary. Function-
tem. Arrows underline water circulation. Labt¢f) can be directly ~ ing rate and the percentage of validated data are followed
connected for on field maintenance. The dimensions of a station arénonthly per station. By example, Bordeaux in 2008 worked
roughly 0.8 m in width, 1.8 m in height, and 0.5m in thickness. very well in May, June and June-05%), but failed in July
and November (about 35%). The most reliable sensors are
those of temperature and conductivity, and to a less extend

Internet protocol, and a land-based management statioff'Pidity. Dissolved oxygen determination is trickier.

for collection fttp://marelgironde.geocean.u-bordeaux.fr/ Missing da_ta are fe'at‘?o,' to different possible ongins. The

dif/index.htm), processing and database of quality-controlled first problem is the electr|C|_ty s_upply from the landing stages,

data. Waters are pumped 1 m below the surface, and circulat'@naged by other organizations. Power cuts are unpre-
through a measuring cell including water temperature, condictable and could be_ rglated_to acmde_nts or local renovation
ductivity, turbidity, dissolved oxygen (Fig. 2). The sensors vyork. The second ghfﬁculty Is the mgmtenance of th? _sta—
for conductivity (INDUMAX CLS 52), temperature (Pt 100 tions, which are subject to severe environmental conditions:
included in INDUMAX), oxygen (O)&YMAX W COS 41) strong currents, high turbidity, moisture, heat/cold in sum-

and turbidity (TURBIM;AX W CUS 31) are manufactured mer/winter. These conditions could induce sensor malfunc-
by Endress and Hauser (Germany). The measuring unit igion (in particular for_the turbic_lity_one) or spare breakage.

adapted to riverine and coastal conditions. The sensors ar§UCh automated stat|on_s require in fact a-re||ab|e follow-up
able to work on field conditions over long periods, without WO'K t0 ensure the acquisition of high quality data.

important drifts in measured values (Maneux et al., 2010). I_nthg: fOIIOng' we do not plap to detail the whole dataset,

The temperature sensor covers a range from 0 f35ith whlch is ava|lable_ on the V\_/ebsne. Through examples, we
an accuracy of 0.9C. The turbidity sensor measures values ©N!Y illustrate main trends in changes of the measured pa-
between 0 and 9999 NTU, with a precision of 10% on the Fameters (temperature, salinity, turbidity, dissolved oxygen)

value; 9999 NTU correspond to about 127l The oxy- :‘rom dtidal to se?sonal tin;e scslehs. hTherEaﬁer we ha;’ﬁ_ Sﬁ'
gen sensor range is 0-20mgl(0.2mgL-1). Only the 'ected two peculiar records, which show the interest of hig

range of conductivity sensors was different depending of thefrequency survey, in order to demonstrate the interest of such

considered station. At Pauillac and Bordeaux, the most maMonitoring in large fluvial-estuarine systems as a tool of

rine stations, the sensor covers a range from 0 to 70 m3 cm long-term management.

Fig. 2. Sketch of the MAGEST automated station showing the main
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Fig. 3. Example of variations of water level (m), salinity, temperat®€)( turbidity (NTU) and dissolved oxygen (% of saturation) during
consecutive semi-diurnal tidal cycles at stations Bordeaux (left) and Libourne (right) from 20 to 22 July 2006 (data every 10 min). Corre-

sponding water level curves (in light grey) are reported on each graph to highlight the relationship between the measured parameters anc
tidal cycle.

3.2 Tidal influence on hydrological parameters ity range between about 0.5 and 1.5 for the situation recorded
end July 2006. Upward, at Libourne, salinity is alway8.5.
The most characteristic signal in an estuarine system is thél should be noted that salinity are nearly null in Libourne,
semi-diurnal tidal cycle. Figure 3 illustrates variations of and Portets, during high discharge periods. For the situation
salinity, temperature, turbidity, and dissolved oxygen duringend July, temperature presents increasing values, superim-
consecutive tidal cycles at Bordeaux and Libourne. The ex{osed to tidal signal, as expected in summer (Fig. 3). Marine
ample corresponds to the dataset from 20 to 22 July 2006ntrusion of temperate waters acts as a regulator of tempera-
representative of a summer situation. There is a minor timdure. This explains temperature difference between Bordeaux
lag in ebb, recorded by the water level, between the two staand Libourne: Bordeaux still benefits from cooling effect at
tions (Fig. 3): this is related to the respective distances ofigh tides. By comparison, Libourne waters are aboutG-1
these two stations from the mouth, and the tidal propagationwarmer, due to river influence.
Libourne being the most distant (Fig. 1). Salinity and tem-  Turbidity shows the typical pattern of the erosion-
perature record always marine intrusion. Salinities are thedeposition cycle observed in macrotidal estuaries (Allen et
highest at the end of the flood phase. Salinity variation isal., 1980; Castaing and Allen, 1981; Uncles et al., 2010).
more pronounced in Bordeaux, the downward station: salinAs expected end July, riverine discharges are low and TMZ
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moves upstream. Both stations record high turbidity in sur-

face waters, with a minimum value of 1.2 gL at low tide. “ 2000 J—+— Dordogne
Furthermore, two distinct SPM peaks are observed at mid- o 1500 4—*— Dordogne + Garonne
flood and mid-ebb respectively, due to resuspension by tidal E ]
currents. However, a strong asymmetry is observed in abso- % 1000
lute values, with a significantly higher peak at ebb than flood. ; ]
This is explained by the joint effects of changes in cross sec- 2 5003 A//\\\/
tion and in relative depth of the sampling water during the 03
tidal cycle. During flood resuspension phase, increase of tur- G 3 or-rrVerrerrrr T
bidity is limited by dispersion/dilution favored by enlarging < ]
cross section; while during ebb phase, the sampling point @ ]
gets closer to the bottom and to the tidal flat, generating rel- % 207
ative increase of SPM concentration. g ]
Along with the high SPM levels, dissolved oxygen is sig- CIEJ 10
nificantly undersaturated, especially at Bordeaux where val- + ]

ues ranged between 25 and 40%. But variations of dissolved
oxygen with ebb cycle are different between the two sta-
tions. At Libourne the highest oxygen levels, 70-75%, are
observed at low tide; the lowest, 45-50%, at high tide. Sur-
prisingly, station Bordeaux records the opposite signal: the
lowest oxygen levelsc 30%, are observed at the end of low
tide. This result will be discussed in Sect. 3.4. 05

o+

Salinity
o
IR ETIT| I

b

3.3 Seasonal trends in the different sections of the
Gironde Estuary

0.05 1T T T

-4 —e— Bordeaux
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J —e— Pauiillac
3
0 M

A

20 L e L e e e I e e N B
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2005 2006

High-frequency data are not appropriate to bring out sea-
sonal changes in hydrological parameters as a function of
their localization in the estuary. Monthly-averaged tempera-
ture, salinity, turbidity and dissolved oxygen saturation have
been calculated for each station from January 2005 to Oc-
tobre 2006 (Fig. 4). Two hydrological cycles are plotted
(Fig. 4). Missing data correspond to acquisition interrup-
tion due to technique problem of the considered automated
station.

Temperature ranges between 5 to about’@5 and
presents a well defined seasonal signal. It shows negligible
differences throughout the estuary and appears as a common
characteristic. This parameter registers regional climatology,
rather local signal. On the opposite, salinity, turbidity and
dissolved oxygen present contrasted signals among stations.

Turbidity (10° NTU)

=

8]

o
|

70

Dissolved oxygen (%)

3.3.1 The central estuary: Pauillac
Fig. 4. Comparison of monthly changes in flow rate¥s11), tem-

In the central estuary, Pauillac show the highest salinitiesperature {C), salinity, turbidity (1§ NTU) and dissolved oxygen

from 2—4 in winters (when river discharges are the highest)(% of saturation), from January 2005, to October 2006, among the

to about 10 during summer low-level waters. Turbidity val- stations Bordeaux (circles), Libourne (up-triangles), Portets (down-

ues are elevated throughout the year; but they present a naffiangles) and Pauillac (circles) of the MAGEST network.

row range of variation, from few hundreds mgi.to about

2gL~1. This testifies of the nearly permanent presence of

TMZ in the central estuary. Waters remain well oxygenated3-3-2 The fluvial estuary: Libourne, Portets, Bordeaux

whatever the season, with values from 80 to 95% of satura- o ) )

tion. During low-level waters, when TMZ is pushed in the Except for temperature, water characteristics are different in

upper estuary, suspended load is reduced and oxygen saturil® Upper estuary (Fig. 4). Bordeaux, the downstream station
tion is the highest. of the fluvial estuary, could register salinity up to 1.2 in sum-

mer, when river discharge is the lowest. Not surprisingly,
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100 -

3 dissolved oxygen saturation decreases when suspended parti-

g ] v ’mewa"‘, ~ cle load becomes higher to 1-2 g.(Fig. 4). The saturation

g * ':/"N Am ‘ P rates of 50—70% recorded at Libourne and Portets in summer

£ s N t AL well illustrate this process.

§ 5\ I"'\ M \ In Bordeaux, this parameter shows the lowest levels of the

SoBIMINAL monitoring in summer (Fig. 5). It was previously noted a

a o ] different behavior of oxygen at Bordeaux, compared to Li-
1Nov  1Jan  iMar  1May  1Ju  1Sep  1Nov bourne, during the semi-diurnal tidal cycle: the lowest oxy-

2005-2006 gen saturation and turbidity occur simultaneously at low tide

(Fig. 3). Figure 5 presents daily variations of oxygen satura-
Fig. 5. Temporal evolution of daily-average dissolved oxygen satu-tion at Bordeaux: the oxygen minimum is more pronounced
ration (% of saturation), from November 2005 to October 2006, atfor marked low-water level. More in detail, the continuous
the station Bordeaux. The inset corresponds to a zoom of the curveecord shows critical values;20%, can be reached during
centered on the 12 September 2006, showing the detailed data (e¥pp phase (Fig. 5). We hypothesize that it is related to a local
ery 10min); the Y scale is the same as the one of the main graphjnpyt of |abile organic matter. Indeed Bordeaux and its sub-
the dashed line underlines dissolved oxygen saturation of 20%. |,;ps are a major source of probably organic — rich wastes. At

low tides in summer, these discharges are delivered in warm

i i and low-level waters, and may be degraded under oxygen
the two up-estuary stations, Portets and Libourne, recorqonsymption. During high tide, the intrusion of marine and

the lowest salinity range. However Libourne waters presemoxygenated waters builds up oxygen saturation.
salinities up to 0.5 in summer. This points out a more pro-

nounced marine intrusion in Libourne, compared to Portets.3 5 Rupture of the Tuiliéres dam on 29 January 2006
In the fluvial estuary, turbidity shows a larger range than
the one observed in the central estuary, from low values inThe Gironde watershed is characterized by the presence of
winter up to 6-8 gL in summer. Trend in seasonal evo- numerous dams to produce power supply. The Dordogne
lution of turbidity in the fluvial estuary is therefore the op- River and its tributaries have about 60 dams, mainly in their
posite of those observed in the central estuary. This is exupper reaches in the Massif Central. Three of them are lo-
plained by the longitudinal translation of TMZ along the es- cated in the lower Dordogne; in particular the Téiiks dam,
tuarine axis in relation to hydrological context. High river about 80 km upstream Libourne. Built in 1908, it is equipped
discharges in winter flush TMZ downstream, whereas ma-of eight large gates, of 13 m in height and 7 in width. A gate
rine intrusion push it upstream (Allen et al., 1980; Castaingfailed at 03:00 a.m. on January 2006, causing the emptying
and Allen, 1981). of the dam reservoir. About % 10° m® were thus released
Dissolved oxygen saturations in Bordeaux, Libourne andin few hours into the Dordogne river (Epidor, 2006) leading
Portets are comprised between 40 to nearly 100% and showt® a rise in flow rate from 140 to 480%s8~1 downstream.
larger variability than observed in Pauillac. There is a notice-Raging flows created a water swell of about +1.5m at 2km
able decrease of saturation in June to reach the low summemd +0.9cm at 13 km. Fortunately damages were limited
levels. The lowest monthly saturation are simultaneous to thelue to the very low flow rate of the Dordogne at that time,
highest monthly turbidity: this confirms the impact of oxy- 140n¥ s~ (instead 465 rhs™1).
gen consumption associated with the TMZ particles. How- On a water quality aspect, such a flash flood induced by a
ever the highest turbidities are recorded at Libourne, whereadam rupture is likely to erode sediments from the river bed
the lower oxygen saturations are encountered in Bordeaux. and banks, in the limit of the water height. There were ob-
vious visual impacts within the 10 km below the dam, like
3.4 Trend in oxygen saturation of waters in the vicinity ~ boats perched above the river, garbage and flood deposits.
of a large city The instrumented station of Libourne had offered the oppor-
tunity to investigate the impact of the accident on a wider
Whatever the considered time scale, tidal cycle or seasoscale.
(Fig. 5), Bordeaux presents systematically different signals Temporal evolution of turbidity along with flow rates and
in dissolved oxygen, compared to the other stations (Fig. 4)water level is shown for the period from 25 January, to
Dissolved oxygen saturation of estuarine waters is influenced0 February 2006, encompassing the time of the rupture
by several biogeochemical parameters: primary production(Fig. 6). Temperature is low, about 426, in agreement with
organic matter degradation, nitrification, eddy exchangesa winter situation. Salinity is rather negligible, as Libourne is
(Morris et al., 1982; Irigoien et al., 1999; Attrill and Power, located in the upper estuary. There is although a well marked
2000; van Vliet and Zwolsman, 2008). The maximum tur- tidal cycle in the water level. As previously mentioned, wa-
bidity zone is a natural reactor which promotes organic mat-ter discharge is low; far below the valuest00 ms* usu-
ter degradation. In the fluvial section of the Gironde Estuary,ally observed in January. From 25 to 28 January, the river
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400 the dam rupture. Indeed the spring tides were early February:
JFlow rate

1 tidal range was the highest the 1 February (ebb coefficient of
Yo 107). Turbidity increase was ascribed to the hydrodynamic
£ 207 of the estuary. This explains the increasing turbidity values

at high water until early February; thereafter turbidity peaks

decreased to values observed end January.

& Water lovel This example illustrates the ability of high frequency mon-
1 itoring to record peculiar events. In fact a decrease in turbid-
£ 4] ity associated with the dam rupture was not expected: intu-

itively one would expect the opposite result. This could be
explained by the distance (80 km) between the dam and the
L L B nature of sediments. By improving knowledge of sediment
{salinity dynamic, this outstanding result is of valuable interest for

IWW further developments of the Dordogne River.
0.1

4  Conclusions

{Temperature The monitoring of the Gironde Estuary through the
MAGEST network confirms the general trend in annual vari-
ations of the four selected parameters (temperature, salinity,
turbidity, dissolved oxygen). The common characteristics of
the stations are a temporal evolution of temperature in rela-
tion with season, the maximum being recorded in summer.
The others parameters are more variable among the four sta-
tions depending of their localization: marine or fluvial sec-
tion, urban impact. In addition to these general trends, the
1 time-series had allowed to highlight inter-annual variability
o[ WV G - PV in relation with the local meteorology; 2005 and 2006 being
25 Jan 1Fet23006 8 Feb rather dry and hot, at the difference of the following years.
Such observations are crucial for further interpretations of
time-series and to extract tendencies in long-term evolution.
salinity, temperatureC) and turbidity (NTU) from 25 January to It Wou_ld contribute to better understand tht_e funct|on|n_g of
10 February 2006 at the station Libourne on the Dordogne river € Gironde Estuary and to extract potential tendencies in
The arrows point out the time of the dam rupture. The dashed linedddition to interannual variability and to register the possi-
(lower panel) simulates the expected increase in turbidity minimum.ble effects of human activities and of changing climate on
the water and ecological quality of the Gironde Estuary. The
four stations are currently working, the objective is now to
discharge-100 m s’ 1 along with the low tidal range limitthe complete in the near future this network by a station at the
upward marine intrusion. On 29 January, at about 10:00 a.m.nouth to obtain a high-frequency permanent observatory of
i.e. 6h after the gate rupture, there is an abrupt increase ithe whole estuary.
flow rate: the duration of this event is about half a day. This This database clearly illustrates the interest of high fre-
is associated with a slight decrease in salinity and temperaguency monitoring of water quality in estuaries, based on in
ture, down to 0.07 and 3°€ respectively. But the most ob- situ instrumented sites. Although the critical need of a good
vious feature is the collapse of turbidity, from about 0.1 ¢L  knowledge of ecosystem functioning and quality in transient
to negligible levels. Unexpectedly there is no record of en-waters, the use of real-time continuous systems is not com-
hanced turbidity associated with the water swell. An expla-mon in estuarine system (Garel et al., 2009; Reuter et al.,
nation could be a rapid settling of resuspended sediment be2009). Though it can not eliminate manual samples and/or
tween the dam and Libourne, both separated by about 80 kmmeasurements, the benefit of such monitoring is large, when
flood deposits, dominated by sand, were observed within 10-the strategy relies on an appropriate diagnostic of the sys-
15km downstream from the dam (Epidor, 2006). In fact thetem (Brierly et al., 2010). The continuous measurement of
fast release of a large water volume had leaded to a temporarselected parameters offers the opportunity to record specific
dilution of supended particles concentration. Early Februaryand unpredictable events, like a storm or a flood event, that
there was then a significant increase of turbidity. This signalare difficult to sample. It provides more reliable datasets
is observed after the record of the swell, and is not related tdo produce mean yearly values than a dataset based on a

{ Turbidity

Fig. 6. Temporal evolution of flow rate (Fr's—l), water level (m),
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monthly sampling by example. The use of such data serie®en Mustapha, Z., Etcheber, H., and Sautour, B.: Contribution

is of significant interest to progress in estuarine sciences and des eseaux SOMLIT GIRONDE et MAGES® I'étude de
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