N

N

To What Extent Multidecadal Changes in Morphology and
Fluvial Discharge Impact Tide in a Convergent (Turbid) Tidal
River
L. Jalon-Rojas, A. Sottolichio, V. Hanquiez, A. Fort, S. Schmidt

» To cite this version:

L. Jalon-Rojas, A. Sottolichio, V. Hanquiez, A. Fort, S. Schmidt. To What Extent Multidecadal Changes in
Morphology and Fluvial Discharge Impact Tide in a Convergent (Turbid) Tidal River. Journal of Geophysical
Research. Oceans, 2018, 123 (5), pp-3241-3258. (10.1002/2017JC013466). <hal-02104662)

HAL Id: hal-02104662
https://hal.science/hal-02104662v1

Submitted on 4 Jan 2022

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-

for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou

vate research centers. privés.

Copyright - All rights reserved


https://hal.science/hal-02104662v1
https://hal.science/licences/copyright/
https://hal.science/licences/copyright/
https://hal.archives-ouvertes.fr

'.) Check for updates

ADVANCING
EARTHAND
ﬂuu SPACE SCIENCE

Journal of Geophysical Research: Oceans

RESEARCH ARTICLE

10.1002/2017JC013466

Key Points:

« The multidecadal evolution of
nonstationary river tides is quantified
over the last six decades

« Tidal range and asymmetry
continuously increase over decades
in relation to the upstream shift in
the accretion zone

« Decreasing discharges enhance tidal
range and distortion and shift upriver
the boundary of the tide-dominated
region

Correspondence to:

. Jalén-Rojas,
ijalonrojas@unsw.edu.au;
ijalonrojas@gmail.com

Citation:

Jalén-Rojas, 1., Sottolichio, A, Hanquiez,
V., Fort, A, & Schmidt, S. (2018). To
what extent multidecadal changes in
morphology and fluvial discharge
impact tide in a convergent (turbid)
tidal river. Journal of Geophysical
Research: Oceans, 123, 3241-3258.
https://doi.org/10.1002/2017JC013466

Received 15 SEP 2017

Accepted 13 MAR 2018

Accepted article online 23 MAR 2018
Published online 8 MAY 2018

© 2018. American Geophysical Union.
All Rights Reserved.

To What Extent Multidecadal Changes in Morphology
and Fluvial Discharge Impact Tide in a Convergent
(Turbid) Tidal River

I. Jalon-Rojas2 (), A. Sottolichio?, V. Hanquiez?, A. Fort3, and S. Schmidt4

1University of Bordeaux, EPOC, UMR5805, Pessac, France, 2University of New South Wales, SARCCM, PEMS, Canberra, ACT,
Australia, 3Department of the Environment, Bordeaux Harbor, Bordeaux, France, “CNRS, EPOC, UMR5805, Pessac, France

Abstract understanding nonstationary tides in tidal rivers is a major contemporary challenge. In particu-
lar, the response of river tides to natural developments in the estuary remains poorly investigated. This
study analyzes the evolution of tidal characteristics over the last six decades in the Garonne Tidal River
(GTR, SW France), in order to explore the effect of natural and human-induced morphological and hydrolog-
ical changes on river tides. The tidal Garonne is an excellent example, as it has been subject to decreasing
river discharges, natural morphological changes, and gravel extraction. Tidal range (TR), distortion (Aps/
Anz), and asymmetry direction (2¢mz-¢pma) Were calculated at four locations from the water level time series
of 1953, 1971, 1982, 1994, 2005, and 2014. The annual time series of M, and M, amplitudes and phases
were obtained through complex demodulation. Results reveal that both TR and 2¢,-¢ma have increased
since the 1950s. River flow modulates TR and Ay4/Awm. significantly. A long-term decrease in summer dis-
charges from 200 = 50 to 100 = 50 m* s~ ' would increase TR by +11.5% in the upper GTR. Natural morpho-
logical changes amplified TR and 2¢mz-¢pma by up to +12-15% between 1953 and 2014. TR and 2¢mz-¢ma
doubled in the regions affected by gravel extraction between 1953 and 1971. Further, the persistence of
mobile mud in the GTR increased TR seasonally but also interannually (by up to +16% in winter and spring
of dry years). The potential impact of these changes on suspended sediments is discussed, revealing com-
plex feedback between the evolution of hydrology, morphology, tides, and sediment trapping.

1. Introduction

Tides and freshwater discharge are the main physical forcings that generate flow in transitional waters, in
particular in the upper estuarine zone hardly affected by salinity-induced density gradients or by waves
(Barendregt & Swarth, 2013; Sassi & Hoitink, 2013). In estuarine channels subject to tidal currents, under-
standing the propagation of tidal waves and their interaction with river discharge is essential in assessing
sediment transport and subsequent morphological changes. In the current context of climate change and
anthropic impacts, tidal-river dynamics are becoming an increasingly important topic but are not yet well
documented (Hoitink & Jay, 2016). Both interannual feedback from morphological changes and shifts in the
hydrological regime can impact the hydrodynamic tidal regime; tidal wave propagation in estuaries is
affected by the nonlinear effects induced by bottom friction, channel convergence in depth and width, and
river discharge (Cai et al., 2014; Friedrichs & Aubrey, 1988; Godin, 1999; Savenije et al., 2008). Morphodynam-
ics, hydrology, and estuarine hydrodynamics are therefore strongly coupled in long-term evolutionary pro-
cesses (Lanzoni & Seminara, 2002; Moore et al., 2009).

Long-term changes in bottom friction, morphology, and river flow can indeed modify the amplification,
damping, and asymmetry of tidal waves as they propagate landward. The tidal range in estuaries is the
result of the balance between tidal wave amplification, which is induced by energy transfer from deep to
shallow waters and from wide to narrow cross sections, and damping by bottom and river flow frictional dis-
sipation (Friedrichs & Aubrey, 1994; Guo et al.,, 2015; Savenije et al., 2008). The nonlinear effects of these fac-
tors transform tides and tidal currents into an asymmetrical form, characterized by unequal rising and
falling durations (vertical tidal asymmetry or tidal duration asymmetry) and unequal flood and ebb current
peaks (horizontal tidal asymmetry or velocity skew; LeBlond, 1991; Speer & Aubrey, 1985). When the water
level and velocity phases are 90° out of phase, a shorter flood duration relative to ebb results in faster flood

JALON-ROJAS ET AL.

3241


http://dx.doi.org/10.1002/2017JC013466
http://orcid.org/0000-0003-4254-4084
http://orcid.org/0000-0002-5985-9747
https://doi.org/10.1002/2017JC013466
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9291/
http://publications.agu.org/
http://crossmark.crossref.org/dialog/?doi=10.1002%2F2017JC013466&domain=pdf&date_stamp=2018-05-08

~1
AGU

100

ADVANCING EARTH
/AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1002/2017JC013466

velocities, transfering the tidal prims in a shorter period; shorter ebb duration requires instead faster ebb
currents (Friedrichs, 2010; Nidzieko, 2010). Estuaries are hence traditionally classified as flood dominant
when rising tides are shorter in duration and the flood current stronger, or ebb dominant in the opposite
case. Nidzieko and Ralston (2012) however highlighted that factors other than the duration asymmetry may
influence the local velocity skew, such as phase lag between the surface gradient and local depth, river
flow, and baroclinicity. Nonlinearities in wave propagation are manifest as the growth of subharmonics and
overtides of the main astronomical constituents. In estuaries with predominantly semidiurnal tides, tidal dis-
tortion is reflected by the interaction of the principal lunar M, component of the water level (for the vertical
asymmetry) and the current velocity (for the horizontal asymmetry) with its overtides, i.e., M, and Mg (Frie-
drichs & Aubrey, 1988; Guo et al.,, 2016; Lanzoni & Seminara, 1998; Speer & Aubrey, 1985).

Although many studies have evaluated tidal distortion in different estuaries (e.g., Dronkers, 1992; Fortunato
& Oliveira, 2005; Neill et al., 2014; Prandle, 1985; Toublanc et al., 2015; Yoon & Woo, 2013), river-modulated
tides upstream of the limit of salinity intrusion have gained attention only recently. The development and
widespread use of nonstationary tidal analysis methods (Appendix A gives a brief overview of methods
used to calculate tidal components) match the present-day research effort to understand the interactions of
river discharge with tides. River discharge influences both the tidal and subtidal water levels (Alebregtse &
de Swart, 2016; Henrie & Valle-Levinson, 2014; Jay & Flinchem, 1997; Ross & Sottolichio, 2016), enhances
tidal friction, thereby damping tidal energy and tidal range (Cai et al., 2012, 2014; Godin, 1991; Savenije
et al, 2008), decreases wave celerity (Godin, 1985; Savenije et al., 2008), and controls tidal interactions by
dissipating the principal tidal constituents and favoring energy transfer from the principal bands to the
lower and higher frequencies (Guo et al., 2015, 2016). This generation of overtides and compound tides is
favored until they reach a point upstream where they are damped more rapidly by friction than they are
generated through the nonlinear interactions (Matte et al., 2014). Moreover, Losada et al. (2017) highlighted
the fact that river flow can also influence the propagation of tides by modulating the suspended sediment
stratification of the water column: a higher stratification restricts frictional influence to the bottom layers
and partially decouples the overlying flow from the bottom, increasing in turn tidal wave celerity.

Notwithstanding these recent advances, there is still progress to be made in understanding river tides. A
key challenge is to explain and predict the evolution of tidal-river dynamics in response to contemporary
hazards (Hoitink & Jay, 2016) such as climate change. Most studies evaluating long-term changes in tidal
properties in estuaries have examined the impact of morphological changes resulting from human inter-
vention in the system: deepening (de Jonge et al., 2014; van Maren et al., 2015; Winterwerp & Wang, 2013),
narrowing (Moore et al., 2009; Winterwerp et al., 2013), and weirs (Chernetsky et al., 2010; Schuttelaars et al.,
2013). All have demonstrated that both the loss of intertidal areas by deepening and narrowing, and the
shortening of the estuary length increase tidal range and favor a deeper penetration of tides up-estuary,
which in turn increases turbidity in the upper reaches significantly. However, less attention has been paid to
estuaries in which direct human intervention has been less drastic and the morphology has evolved under
the significant control of natural boundary conditions (Moore et al., 2009). To our knowledge, no study has
dealt with the impact of interannual hydrological changes or the simultaneous effects of hydrological and
morphological changes.

The general objective of this work is to explore the effect of natural and human-induced morphological and
hydrological changes on the propagation of tides in the Garonne Tidal River (GTR, SW France, Figure 1). The
Gironde Estuary and its tributaries, the tidal Garonne and Dordogne Rivers, are indeed a clear example of a
large fluvial-estuarine system subject to multiple pressures. During the last decades, its incoming river dis-
charge has decreased during both the wet and dry seasons (Caballero et al., 2007; Chevalier et al., 2014;
Jalén-Rojas et al., 2015). The estuary (downstream from the confluence) has maintained its general shape
and undergone relatively moderate natural morphological change compared with other European macroti-
dal systems (Sottolichio et al., 2013). However, some sections of the upper GTR were deepened between
the 1960s and 1980s by gravel extraction (Figure 1; Castaing et al., 2006). River flow is an important factor
forcing the variability in the subtidal water level (Ross & Sottolichio, 2016) and in the turbidity (Jalén-Rojas
et al., 2017), especially in the GTR. Jalon-Rojas et al. (2015) further demonstrated that the long-term hydro-
logical changes are one of the factors contributing to the intensification of the turbidity maximum in the
upper estuary in the last 50 years. To date, the impact of the different pressures on the evolution of tides
has not been analyzed.
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Figure 1. (a) Location of the study site in the southwest of France and (b) the Gironde Estuary and its two tidal rivers, the
Garonne and Dordogne. Black squares show the tidal gauges (with distance from the mouth): Pointe de Grave (0 km,
mouth of the estuary), Le Marquis (82 km), Bordeaux (100 km), and Cadillac (138.5 km). The gray circle shows the Tonneins
hydrometric station. The dashed red rectangle shows the zone affected by gravel extraction between the 1960s and the
1980s. (c) Example of the Garonne’s banks before and after gravel extraction works (source: http://atlas-paysages.
gironde.fr).

The specific aim of this paper is to evaluate and understand the evolution of the tide characteristics, i.e., the
tidal range and asymmetry, over the last six decades in the GTR. This study is based on the analysis of
annual time series of continuous water level recorded by four tidal gauges during six different years
between the 1950s and the present. First, we describe the multidecadal evolution of the tidal patterns. The
effects of river flow and morphological changes on the tidal range and asymmetry, and their implications
are then discussed. This provides further insight into prospective changes in the tides and a basis for evalu-
ating the impact of morphological and hydrological changes on suspended sediment transport patterns.

2. Study Site and Field Data

2.1. The Garonne Tidal River

The Garonne Tidal River (GTR) is located in southwest France (Figure 1a). It meets the Dordogne tidal river
forming the Gironde estuary (Figure 1b), which has a regular funnel shape of length 75 km between the
Atlantic coast and the rivers’ confluence. From this confluence, the GTR extends 95 km inland to the
upstream limit of tidal influence. The width of the Gironde-Garonne system varies from 11.3 km near the
mouth (Huybrechts & Villaret, 2012) to 125 m or less near the limit of tidal influence. Nowadays, the
Garonne brings to the Gironde a daily discharge ranging from 50 to 4720 m® s~ ' (data for the period from
2005 to 2014, hydro.eaufrance.fr). Tides at the mouth are semidiurnal, with a tidal range varying from about
2.5 to 5 m on mean neap/spring tides (Bonneton et al.,, 2015). As the tidal wave propagates up the estuary,
both the tidal amplitude and the asymmetric shape of the wave are amplified. Rising waters become
shorter and flood currents stronger, i.e., the estuary is flood dominant (Allen et al., 1980). For low river dis-
charges, the convergence effects exceed the frictional effects from the mouth up to around Cadillac (Figure
1b), where tides reach their maximum amplitude (up to 6.3 m on spring tides) and current velocities (Bon-
neton et al., 2015). Further upstream, the tidal range and current velocities decay in the fluvial narrow sec-
tions. The limit of maximum tidal amplitude is expected to move depending on river discharge and the
phase of the neap-spring tidal cycle; the increasing dissipation on spring tides damps the tide earlier than
on neap tides (Matte et al., 2017). In terms of tidal harmonics, the principal M, component increases linearly
by 0.59 cm/km from the estuary mouth to Bordeaux (Ross & Sottolichio, 2016).
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Both the hydrology and morphology of the Gironde Estuary have evolved over time. Over the last six deca-
des, the Garonne mean annual discharge has decreased by 31%, from 650 to 445 m3s! (Jalén-Rojas et al.,
2015), the number of extreme river floods has decreased and the duration of dry periods increased
(Schmidt et al., 2017). This hydrological regime shift is attributed to both climate change and the increase in
surface irrigation (Boé et al., 2009; Mazzega et al., 2014). As in the other main French watersheds, the
Garonne flow is correlated with the North Atlantic Oscillation (NAO; Chevalier et al., 2014). The Gironde’s
morphological evolution is however poorly documented. A previous study of the bathymetry of the Gironde
(from the mouth to the river confluence) covering the period 1962-1994 revealed that the Gironde had
maintained its section and shape, and undergone only moderate morphological changes. The only remark-
able pattern was the continuous landward migration of the main area of sedimentation: in the period
1962-1970 the sedimentation area was located in the lower estuary, but in the period 1970-1994 it shifted
to the upper estuary (Sottolichio et al., 2013). This is consistent with the upstream shift of the location of tur-
bidity maximum zone that, for constant morphology and tidal features, is related to the decrease in the dis-
charge (Jalon-Rojas et al., 2015). In addition, the GTR between Bordeaux and Cadillac was subject to
significant gravel extraction between 1956 and 1980 (Castaing et al., 2006). This deepened the channel and
changed the river banks from wide gravel beaches to steep edges (Figure 1c). Accurate bathymetries are
not available for this period, but occasional observations reported that the concerned sections underwent
an average deepening of 1-2 m. However, some sections were deepened by up to 4 m, and even up to 6 m
close to Cadillac; the sections were refilled by fine sediments, thus reducing the bottom roughness (Casta-
ing et al., 2006).

2.2. Data
This work is based on two sets of data:

a. Water level measurements at four stations (Figure 1): Pointe de Grave at the Gironde’s mouth, and Le
Marquis, Bordeaux, and Cadillac in the GTR. The Bordeaux Harbor Authority provided these data as paper
records for the years before 1980, and in digital form after. At Cadillac, measurements were stopped in
1995, and all the data are in paper form. The choice of annual time series was a compromise between
the effort required to digitize paper-based tidal signals and having a good representation of the different
hydrological conditions (floods, dry periods, and wet/dry years). Based on data quality, we have selected
water level time series from 6 years distributed over the last six decades: 1953 (1956 for Cadillac), 1971,
1982, 1994, 2005, and 2014.

b. Daily river discharge recorded at Tonneins (Figure 1) for the same years. The Tonneins station is situated
upstream of the limit of tidal propagation. Records were supplied by the DREAL Midi-Pyrénées and are
available on the national French website www.hydro.eaufrancefr/.

3. Methods

3.1. Time Series Digitization

We digitized the water level time series using ArcGIS for Desktop v10.3 software (ESRI, 2014). First, paper
sheets were scanned and their digital versions georeferenced in the cylindric conform Mercator projection
system. This allowed us to identify the temporal scale and the subsequent concatenation of tidal signals.
Secondly, the tidal signals were manually digitized. Finally, a sequence of pairs of time and water level were
obtained from the geoprocessing steps.

3.2. Postprocessing

In order to characterize the tides, two parameters were calculated from water level time series: tidal range
and vertical asymmetry. The tidal range (TR) was estimated in three steps. For each annual time series:
(a) water level was high-pass filtered to remove the variations at subtidal levels; (b) individual tidal waves
were identified from zero upcrossing points; then (c) tidal range is calculated as the difference between the
high and low waters. The amplification of the tide in the estuary (TR/TRyoutn) Was calculated as the ratio of
the tidal range at a given station and TR,,, the tidal range at Pointe de Grave (at the estuary mouth, the ref-
erence). The use of this parameter ensures that the causes of the interannual tidal range evolution are
intrinsic to the estuary rather than of oceanic origin.
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The vertical tidal asymmetry was assessed from the interactions of the M, and M, tidal components. Follow-
ing Friedrichs and Aubrey (1988), the ratio of the amplitudes of these components (Aya/Awmz) is an estimate
of the degree of tidal distortion, and their relative phase (2¢p-¢m4) determines the direction of the asym-
metry: flood dominant if the relative phase is in the range 0°-180° (90° indicates maximum flood domi-
nance); and ebb dominant if the relative phase is in the range 180°-360° (270° for maximum ebb
dominance).

In order to evaluate the nonstationary interactions between tide and river discharge, the amplitudes A and
phases ¢ of the semidiurnal and quatediurnal frequency bands (D, and D,) were calculated over time using
the Method of Complex Demodulation (Boon, 1992; Gasquet & Wootton, 1997), a nonstationary method
based on a wavelet approach. This method resolves tidal species (e.g., D, and D, tidal bands) but not the
specific tidal harmonics within species (e.g., My, Sy, My, and MS,). We discarded the use of other nonstation-
ary methods; the short-time harmonic analysis (Godin, 1999) provides inaccurate results when river dis-
charge variability is high (Godin, 1999; Jay & Flinchem, 1997), and the nonstationary harmonic analysis
(Matte et al., 2013) requires several years of records (Hoitink & Jay, 2016; Matte et al.,, 2013), which are not
available for the Gironde. The advantages and limitations of several tidal analysis methods are summarized
in the Appendix A.

Complex Demodulation assumes that the time series X(t) are composed of a nearly periodic signal with fre-
quency ¢ and a nonperiodic signal Z(t):

X(t)=A(t)cos (at+¢ (1)) +Z(t)

The nearly periodic signal represents the tidal component of frequency ¢ (27/12.48 rad h™' for D, or
27/6.24 rad h™" for D,) whose amplitude A and phase ¢ we want to calculate. The amplitude and phase are
allowed to vary with time but slowly compared to the frequency o. These parameters are estimated in three
steps:

a. The original time series is multiplied by e™" in order to shift the frequency of interest to zero:

A(t) A(Y)
2

Y(t)=x(t)efiat= Tefiqb(t)_i_ efi(20t+¢(r))+z(t)efi<rt

b. Y(t) is then low-pass filtered to remove frequencies at or above ¢, i.e., the terms @e’i(z"”‘f’@) +Z(t)e it
are removed to give

At _
Y (t)= ig/(t)
()=—5"e

¢. The corresponding A’(t) and ¢'(t) are calculated from the Inverse Fourier Transform of the filtered spec-
trum Y'(t):

A’(t)=2|Y’\=2<Re(Y’)2+Im(Y’)2>1/2
¢'(t)=atan (:j:x;)

The estimated amplitude and phase will be used from now without the prime. For further information
about the method, the reader is referred to Bloomfield (2004).

4, Results

4.1. Hydrology of the Investigated Years

The six selected years have contrasting hydrological features (Figure 2). The years 1953 and 2005 were very
dry, with annual mean-daily river flows lower than 350 m* s~ . In 2005, the daily river flow only exceeded
800 m® s~ ' on 6 days, and never reached 1,000 m® s~ (Figure 2e). In contrast, the year 1953 had several
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Figure 2. Histograms (number of days per year) of the Garonne’s daily river flow (intervals of 200 m* s~ ") for the years
1953, 1971, 1982, 1994, 2005, and 2014. Qmean is the mean annual river flow.

winter floods, with a maximum river flow of 2,500 m* s~ . Even so, this was actually the driest year from the
1950s to the 1980s. The years 1971 and 1982 were more representative of the years before the 1990s from
a hydrological point of view, and are comparable with current wet years such as 2014 (Figures 2b-2f). These
3 years were characterized by mean-daily river flows in the range 630-680 m® s, by wet winters with large
floods, but also by long periods of river flow below 400 m*® s~ '. The year 1994 was the wettest, with a
mean-daily river flow of 853 m*® s~ ' and a short dry period (Figure 2d).

4.2, Multidecadal Evolution of Tidal Range

The evolution of tidal range from 1953 to the present has followed different patterns at the Gironde’s
mouth and in the GTR. At Pointe de Grave, the tidal ranges were fairly similar for 1953 and 2014 (the first
and last years of observation), reaching minimum and maximum values of 1.5 and 5.2 m, respectively (Fig-
ure 3b). In contrast, TR was strongly amplified over the same period in the GTR (Figures 3c and 3d), reaching
maximum values of 5.6 m in 1953 and 6.5 m in 2014 at Bordeaux (5.4 m in 1953 and 6 m in 2014 at Le Mar-
quis). In addition, while the tidal range showed no seasonal variability at Pointe de Grave, there was a

a
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Figure 3. Annual time series of (a) river flow, and of the tidal range at (b) Pointe de Grave, (c) Le Marquis, and
(d) Bordeaux for the years 1953 and 2014.
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Figure 4. Mean (red cross), median (red bars), percentiles 25-75 (blue bars), and minimum/maximum (black bars) values of (I) tidal range, (Il) tidal distortion Ap,/
Apy, and (lll) tidal asymmetry direction 2¢p,-¢p4 at (a) Pointe de Grave, (b) Le Marquis, (c) Bordeaux, and (d) Cadillac for a tidal range at the mouth comprised
between 4 and 4.5 m. Light gray dotted lines at (lll) indicate the lowest limit of ebb dominance in (a) and the highest limit of flood dominance in (b)-(d). For tidal
distortion (Il) and asymmetry direction (lll), the scale of the vertical axis for Pointe de Grave (a) is different from that of the other three stations (b-d).

strong increase during low river discharge periods at Le Marquis and Bordeaux (Figures 3b-3d). For exam-
ple, during the wet year of 2014, the maximum tidal ranges at Bordeaux in winter and summer were 5.6
and 6.5 m, respectively. The absence of TR changes at the mouth (Le Verdon) indicates that the causes of
this tidal wave amplification must be sought within the estuary. Given that higher river flows decrease the
tidal range in the upper sections (Guo et al., 2015), the higher tidal ranges in the GTR during the wet winter
of 2014 than during the dry winter of 1953 may imply that other factors, such as morphology or bottom
roughness, have also affected the tidal range over years.

In order to quantify the evolution of tidal increases in the GTR over the last decades, Figure 4] summarizes
the main characteristics (mean and percentiles) of the tidal range during each investigated year at the four
stations; the corresponding tidal ranges at the mouth were between 4 and 4.5 m. A tidal range of 4-4.5 m
at Pointe de Grave increased at Le Marquis up to 4.2-5.1 m in 1953 and up to 4.6-6.4 m in 2014 (4.2-54 m
in 1953 and 4.5-6.7m in 2014 at Bordeaux; Figure 4la-4lc). At Le Marquis and Bordeaux, the trends were
similar: the mean tidal range increased by +14% between 1953 and 2014. However, this increase took place
over two distinct periods: around 2-3%, from 1953 to 1994; and around 12% between 1994 and 2005.

At Cadillac (Figure 4ld), the uppermost station, the tidal range increased or decreased depending on river
flow. Tidal ranges of 4-4.5 m at the mouth reached a minimum of 2.6 m and a maximum of 4.4 m in the dry
year of 1953 (0.4 and 6 m, respectively, for the wet 1994). This strong dependence of tidal range on river
flow in the upper GTR, together with the contrasting hydrological regimes of the different years (section
4.1), led to a different pattern in the multidecadal tidal range evolution at Cadillac. However, the maximum
values of the tidal range, which were associated with the lowest river flows, increased by +36% between
1953 and 1994 (Figure 4ld); the multidecadal tidal wave amplification at Cadillac was significantly higher
than in the lower reaches of the GTR during dry seasons.
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The evolution of the tidal range in the GTR was therefore mainly characterized by a net increase but with
different patterns in the lower and upper reaches. These results suggest that not only hydrological but also
geomorphological changes could have caused this evolution. The impact of each pressure on TR is dis-
cussed in section 5.

4.3. Multidecadal Evolution of Tidal Asymmetry

The vertical tidal asymmetry also varied between the mouth and the tidal river. Figures 4ll and 4lll compare
the main characteristics (mean, percentiles) of tidal distortion (Aps/Ap,) and asymmetry direction (2¢p,-
¢pa) over the studied years at the different stations, again corresponding to a tidal range of between 4 and
4.5 m at the mouth. The tides were virtually undistorted (Aps/Ap, < 0.1) and ebb dominant (-200° < 2¢p,-
¢psa < —100°) at Pointe de Grave (Figures 4lla and 4llla). In contrast, the tides in the GTR were distorted,
with Aps/Ap, up to 0.5, and flood dominant, 60° < 2¢p,-¢ps < 130° (Figures 4llb-4lld and 4lllb-4llid). Aps/
Ap, was roughly constant over the years at Pointe de Grave, but increased up estuary (Figure 4lla—4lid).
2¢pa-¢ps showed no significant trend with time at Pointe de Grave. At this station, 2¢p,-¢ps Was closer to
the maximal ebb dominant condition during 1982 and 1994 (Figure 4llla). In contrast, 2¢p,-¢ps rose pro-
gressively over decades in the GTR, becoming increasingly closer to the maximum flood dominant condi-
tions (Figures 4lllb-4llld). Mean values increased by 11% and 17% at Le Marquis and Bordeaux, respectively,
between 1953 and 2014. At Cadillac, an increase of 14% occurred between 1953 and 1994, showing a
higher intensification of flood dominant conditions there between the 1950s and the 1990s. Even then, the
flood dominance at Cadillac was the weakest compared to the lower stations, probably due to the
enhanced effect of river flow. Just like tidal range, the vertical tidal asymmetry in the tidal Garonne seems
to evolve temporally and spatially under the influence of hydrology and morphology.

5. Discussion

5.1. Impact of Long-Term Hydrology Changes on Tide Evolution

5.1.1. Fluvial-Tidal Interactions

The influence of river flow on tidal range and vertical asymmetry in the GTR has been explored here in order
to determine the impact of long-term hydrological changes on tidal propagation. The effects of river flow
on tidal dynamics are known, mostly based on analytical solutions, but are still poorly quantified with real
observations: river flow attenuates tidal energy; enhances tidal friction, thus damping tidal amplitudes;
alters tidal phases; and modulates tidal interactions, generating overtides and compound tides (Godin,
1985; Guo et al., 2015; Jay & Flinchem, 1997; Sassi & Hoitink, 2013). Kukulka and Jay (2003) developed a
regression model for tidal hindcasting by considering a very broad range of river discharges. Recent analyti-
cal solutions have considered the effect of river discharge on tidal dynamics primarily through the friction
term, without simplifying the equations; these were able to accurately reproduce tidal damping in the
upper estuary, where the ratio of the river-flow to tidal-flow amplitude is substantial (Cai et al., 2012, 2014).
Unlike these analytical works, we first quantify and illustrate the impact of river flow on tidal decay and
deformation based on the time series.

For this purpose, the tidal range, distortion and vertical asymmetry direction at the four stations are repre-
sented as functions of the river flow and the tidal range at the mouth TR,outh (Figure 5). Only a 1 year data
series was used to eliminate the potential effects of interannual morphological changes. The year 1994 was
selected because it was characterized by a large range of river discharges (Figure 2d) and is the most recent
year counting with water level data at Cadillac. Unlike the estuary mouth, where river flow has no influence
on TR, the effect of tidal damping with increasing river discharges is evident at the three stations in the GTR
(Figure 5I), in particular at Cadillac, consistent with other modeling studies in tidal rivers (Gallo & Vinzon,
2005; Godin, 1991; Horrevoets et al., 2004). For river discharges lower than 150 m> s ", a TRmourh Of 4.5 M
increased to 5.4 (20%), 5.9 m (32%), and 6 m (33%) at Le Marquis, Bordeaux and Cadillac, respectively. How-
ever, for river discharges higher than 3,500 m® s, a TRyoun Of 4.5 m now gave the same value, 4.5 m, at
Le Marquis and Bordeaux, but decreased to below 0.8 m (a decrease of 82%) at Cadillac. TR could therefore
be 7.5 times higher during dry periods than during wet periods in the region of Cadillac (138.5 km from the
mouth over a total estuarine length of 180 km) for a same TRyoun (Figure 51d). It is difficult to compare the
TR variability under the varying river discharges of different systems, because this depends on the longitudi-
nal position. However, there appears to be a huge variation in the GTR compared to analogous upper
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Figure 5. () Tidal range (TR), (ll) tidal distortion (Aps/Apy), and (lll) tidal asymmetry direction (2¢py-¢p4) for the year 1994 as a function of river flow and tidal range
at the mouth (colorbar) at (a) Pointe de Grave, (b) Le Marquis, (c) Bordeaux, and (d) Cadillac.

sections of other documented tidal rivers. For example, in the Guadalquivir Estuary (Wang et al., 2014), the
tidal range during dry periods is twice that during river floods at Seville (77 km over 110 km). In the Yangtze
Estuary (Guo et al., 2014), the tidal range is at most 1.7 times higher during dry periods in upper reaches.
This also implies that the river flow strongly influences the section from which tides begin to be sharpy
damped: around Bordeaux (100 km over 180 km) during river floods and upstream Cadillac (138.5 km over
180 km) during dry periods. This result contrasts with the damping trends of tidal components in the St.
Lawrence estuary that follow a sharp decrease from a same section, characterized by a rapid increase in bot-
tom slope (163.5 km over 300 km), whatever river flow (Matte et al., 2014). The results of the St. Lawrence
estuary support the idea previously reported by Sassi et al. (2012) that sharp changes in morphology set the
boundary between river-dominated and tide-dominated parts. This is also the case in the Yangtze Estuary
(Guo et al,, 2014) where tidal range decreases abruptly from the section where the narrowing increases sig-
nificantly. In the GTR, where there are no drastic morphological ruptures but where the bottom slope
begins to increase upstream from Cadillac, the position of this boundary depends very sensitively on the
river flow.

Tidal distortion, almost uninfluenced by river flow at the estuary mouth, increases up-estuary in relation
with the energy transfer from D, to Dy, as both the bottom and river flow enhance friction in the upper
reaches (Figure 5lI). In the GTR, higher river flows favor the growth of overtides and lead to longer ebb
phases, and therefore to higher Aps/Ap,. For low tidal ranges, this parameter doubles during high river dis-
charges at Le Marquis and Bordeaux compared to dry periods (Figures 5llb and 5llIc). At Cadillac, Aps/Apy
increases with river flow up to 1,800 m> s~ ', then decreases slightly (Figure 5IId). This agrees with the idea
of Matte et al. (2014) that M, can be damped more rapidly by discharge than it is created from nonlinear-
ities in the uppermost estuarine region. Even if there are no data to verify the decrease in Aps/Ap, upstream
Cadillac, the damping of Ap4/Ap, during river floods at this station gives a first insight of this effect. Guo
et al. (2015) showed a similar variation of Aps/Ap, with river flow in the Yangtze Estuary. In the lower Yang-
tze (160 km over 650 km), Aps/Ap, increases from low to high discharges, as do those at Le Marquis and
Bordeaux (82 km and 100 km over 180 km). In the upper Yangtze (430 km over 650 km), Aps/Ap;, increases
compared to the lower reaches during dry seasons but decreases with river flow due to the river-enhanced
subtidal friction, which attenuates tidal energy and the growth of overtides as mentioned previously. In the
GTR, this effect becomes noticeable at Cadillac (138.5 over 180 km). This spatial lag in the effect of river flow
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Figure 6. Time series of (a) river flow, (b) tidal range, and (c) tidal distortion at
Bordeaux during 2005 (solid black line) and 2014 (gray dashed line).

on Aps/Ap, between the GTR and the Yangtze or the St. Lawrence
Estuaries can be explained by the fact that the Gironde is hypersyn-
chronous (Castaing & Allen, 1981), meaning that its tidal ranges and
currents are amplified toward the head of the estuary; its river flow is
up to 10 and 20 times lower than that in the St. Lawrence Estuary and
the Yangtze Estuary, respectively.

River flow does not influence the tidal asymmetry direction (Figure
5111), as previously observed by Gallo and Vinzon (2005) in the Amazon
River. In fact, the phase difference 2¢p,-¢ps only shows the transition
from an ebb dominant asymmetry at the mouth to a flood dominant
asymmetry (0 <2¢pma-¢ms < 180; Friedrichs & Aubrey, 1988) in the
estuary. Only at Cadillac, increasing river flows slightly reduce 2¢p,-
¢p4 and therefore the flood dominance, consistent with the effect of
river flow in attenuating flood currents and enhanced ebb currents.
However, the effect of river flow on horizontal asymmetry is expected
to be much stronger than on 2¢p,-¢p4 (Gallo & Vinzon, 2005). Regard-
ing the effect of tidal range on vertical asymmetry, spring tides
undergo higher tidal distortions due to the higher effect of friction
(Friedrichs & Aubrey, 1988). In contrast, 2¢p,-¢ps decreases with
higher tidal ranges. This agrees with the fact that 2¢y>-¢m4 falls as
the ratio of tidal amplitude to depth increases (Friedrichs & Aubrey,
1988). However, we prefer not to discuss these trends here in depth
because the appearance of the fortnightly variability in D, and D, is

related to the use of a wavelet-type tidal analysis approach that does not resolve tidal harmonics but fre-
quency bands, which implies that spring-neap variations appear in higher frequency bands (Hoitink & Jay,

2016; Matte et al,, 2014).

5.1.2. Implications of Long-Term Hydrological Changes

As discussed above, river discharge exerts a major effect on the propagation of tides in the GTR, even more
significant than in other documented estuaries. This suggests that long-term hydrological changes can
impact tidal properties over time, of which the multiannual evolution of tidal properties gives some evi-
dence (Figure 4). However, a comparison of the two hydrologically contrasting years of 2005 (dry) and 2014
(wet) offers an insight into the consequences of decreasing river flow trends, assuming negligible morpho-
logical changes (years not too far apart during a period devoid of human morphological changes; Figure 6).
At Bordeau, the dry winter in 2005 (river flow below 930 m® s, Figure 6a) resulted in an increase in tidal
range of up to 0.5 m (9%) and 0.7 m (23%) during spring and neap tides respectively (Figure 6b), compared
a wet winter such as in 2014 (flood peaks up to 4,225 m* s~ '). Concurrently, the maximum tidal distortion
Apa/Ap, decreased from 0.3 to 0.22 (36%; Figure 6¢). Summer 2014 was also wetter than summer 2005; the

minimum river flow between June and August 2014, around 215 m3s

~1 was the maximum value for the

same period in 2005 (Figure 6a). A decrease in summer river flow from the values of 2014 to those of 2005
did not seem to impact tidal range at Bordeaux (same maximum value in 2005 and 2014) but decreased
tidal distortion by up to 20% during neap tides. Therefore, only major hydrological changes impacted tidal
range in the lower GTR, as previously suggested by Figure 5lc. However, a change in mean summer river
flow (for example from 200 =+ 50 to 100 = 50 m® s~ ') could induce an important increase in the tidal range
at Cadillac (around 11.5%, Figure 5Id). Unlike in the GTR, the interannual decrease in discharge hardly affects
the tidal range in the Columbia River due to flow regulation, although future decreases in discharge may
drive further changes in the water level (Jay et al.,, 2011). To our knowledge, there are no other studies
addressing the impact of long-term hydrological changes on tides and, as a consequence, we have no com-
parative values for a further discussion of our results.

5.2. Impact of Morphology on the Evolution of Tides

Having established the effect of river flow, we now focus on the impact of morphological changes on the
evolution of tidal properties in the GTR over the last six decades. We recall that the Gironde Estuary under-
went moderate morphological changes between its mouth and the confluence of the two tidal rivers unre-
lated to engineering works and characterized by the upstream shift of the bottom accretion zone between
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1962 and 1994 (Sottolichio et al., 2013). The GTR was instead subject to gravel extractions between 1956
and 1980 from Bordeaux to its upstream limit. These human interventions deepened several sections, sup-
pressed intertidal zones and reduced bottom roughness. In order to filter out the effect of river flow, and
thus isolate the influence of morphology, the multidecadal evolution of tidal range, tidal range increase and
tidal asymmetry direction are plotted for a narrow range of river flows (100 m®s™' < Q< 250 m®s™ ") in Fig-
ures 7I-7IIl. This range is representative of all the study years (Figure 2), and groups the lowest possible val-
ues, thereby filtering out the influence of river flow. Tidal distortion was not included because it remains
roughly constant over time (Figure 4lll). Table 1 shows the percentage changes in the tidal parameters
between each study year and the accumulated percentages of these changes over a period during which
TRmouth Was 4-4.5 m.
Table 1
Percentage Change of Tidal Range (TR) and Tidal Asymmetry Direction (2¢py-¢p4) in the Periods Between Study Years at Le Marquis, Bordeaux, and Cadillac
Parameter Station 1953-1971 1971-1982 1982-1944 1994-2005 2005-2014
TR Le Marquis +3.1% (+3.1%) —1.6% (+1.5%) +1% (+2.5%) +7.3% (+9.8%) +2.1% (+£11.9%)
Bordeaux +1.4% (+1.4%) +1% (+2.4%) +1.4% (+3.8%) +9.2% (+13%) +1.9% (+£14.9%)
Cadillac +17.1% (+17.1%) +5.2% (+22.3%) +0.8% (*+23.1%)
2¢p2-Ppa Le Marquis +3.8% (+3.8%) +6.5% (+10.3%) —0.7% (9.6%) +3.4% (13%) —0.3% (+£12.7%)
Bordeaux +5% (+5%) +5.9% (+10.9%) —2.6% (+8.3%) +4.9% (+13.2%) +2% (+£15.2%)
Cadillac +10.1% (+10.1%) —0.3% (+9.8%) —0.2% (£9.6%)

Note. Accumulated percentages are given in parentheses. Bold numbers highlight the most important changes at each station. Underlined percentages indi-
cate the total variation between 1953 and 2014 for Le Marquis and Bordeaux (1953 and 1994 for Cadillac). Data correspond to river flows between 100 and
250 m® s~ " and tidal ranges at the mouth between 4 and 4.5 m.
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In general, morphological changes have led to a progressive increase in TR and 2¢py-¢p4 in the GTR, espe-
cially at Cadillac (Figure 71 and Table 1). At Le Marquis and Bordeaux (Figures 7la and 7Ib), TR showed a
slight but constant increase between 1953 and 1994, on average below 0.2 m (2.5% at Le Marquis and 3.8%
at Bordeaux), but up to a maximum of 0.5 m. Then, between 1994 and 2005, TR increased further, around
0.4-0.5 m on average (9.8% at Le Marquis and 13.1% at Bordeaux). In total, the increase in TR attributed to
morphologal changes was of 0.6 m on average (12-15%, up to 1.3 m at Bordeaux) in the lower GTR
between 1953 and 2014. So for example, @ TRyouth Of 4-4.5 m was amplified in the estuary by a factor of
1.1-1.2in 1953 and by a factor of 1.3-1.4 in 2014 (Figures 7lla and 7IIb). The amplification factor decreased
with tidal range at the mouth, as spring tides are more affected by friction and hence relatively less ampli-
fied (Bonneton et al., 2015; Wang et al., 2014). The amplification over time of the tidal asymmetry direction
at Le Marquis and Bordeaux also followed similar trends at Le Marquis and Bordeaux (Figures 7llla and 7lllb
and Table 1). For a tidal range of 4-4.5 m, 2¢p,-¢ps increased from 66° to 77° on average between 1953
and 2014 (13-15%), with the biggest increase between 1971 and 1982.

At Cadillac, TR experienced a larger increase between 1956 and 1994 than Le Marquis and Bordeaux: 1 m
on average (24%) and up to a maximum of 1.4 m (Figure 7Ic). In terms of amplification in the estuary, a tidal
wave of 4 m amplitude at the mouth had the same amplitude at Cadillac in 1953, but in 1994 it was multi-
plied by a factor of 1.3 there (Figure 7lic). Unlike at Le Marquis and Bordeaux, where TR increased at a
roughly constant rate between the 1950s and the 1990, most of the change in TR at Cadillac was concen-
trated between the 1950s and the 1970s, concurrent with the period of gravel extraction in the upper GTR.
Tidal asymmetry direction also reached its greatest increase during this period (from 53.5° to 59°, 10%); it
then remained roughly constant until 1994. These different patterns suggest that the moderate and natural
morphological changes in the Gironde Estuary were responsible for the increase in tidal range (2.5-4%
between 1953 and 1994; 12-15% between 1953 and 2014, Table 1) and tidal asymmetry direction (8-10%
between 1953 and 1994; 13-15% between 1953 and 2014, Table 1) in the lower GTR. However, gravel
extraction in the upper GTR caused higher rates of increase in the tidal range (23% between 1956 and 1994,
Table 1) and asymmetry direction (10% between 1956 and 1994, Table 1) in the region of Cadillac, a conse-
quence of the loss of intertidal zones and the decrease in bottom roughness (Winterwerp & Wang, 2013).

This work has shown that morphological changes in the Gironde Estuary have resulted in significant
increases in tidal range and asymmetry direction between 1953 and 2014 in the GTR. These increases were,
however, quite moderate compared with estuaries undergoing continuous interventions. For example, the
Ems Estuary experienced a tidal range amplification of 125% at the mouth between 1950 (1.6 m) and 2010
(3.6 m), mainly due to continuous channel deepening (van Maren et al,, 2015). From semianalytical simula-
tions in this same estuary, Chernetsky et al. (2010) found that flood dominance, in terms of 2¢pmz-Pma,
increased by up to 18% between 1980 and 2005 in the upper reaches, but decreased by 7% in the lower
estuary. Similarly, the progressive narrowing of the Loire Estuary increased the tidal range in the lower
reaches by 360% between 1904 (1.2 m) and 2004 (5.5 m; Winterwerp et al., 2013). In the Western Scheldt,
deepening of the upper region increased the tidal range (by up to 40% between 1901 and 2013) but
reduced the flood dominance (Winterwerp et al., 2013). Most of these studies found also that increased tidal
range and asymmetry significantly favor the upstream net transport of fine sediments.

5.3. Impact of TMZ-Related Mobile Mud

We have demonstrated that tidal range and asymmetry direction have increased over the last six decades
in the GTR due to the combined impact of natural and human-induced morphological changes. The
increase in these two parameters was even more pronounced during dry years, and slightly mitigated dur-
ing wet years; vertical tidal distortion increased, particularly in the upper reaches of the GTR. Despite the
lack of morphological data, the upstream displacement of the turbidity maximum zone (TMZ) seems to be
the main responsible for the natural morphological changes in the Gironde (Sottolichio et al., 2013); the
intensity of the TMZ has increased in the GTR over the last decades, due in particular to the multidecadal
decrease in river flow (Jalén-Rojas et al.,, 2015). However, given that increasing tidal range and asymmetry
intensify fine sediment resuspension and transport up-estuary by tidal pumping (de Jonge et al., 2014;
Uncles et al., 2002; Winterwerp et al., 2013), the multidecadal evolution of the tides could also be responsi-
ble for the intensification of the TMZ in the upper reaches.
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Winterwerp and Wang (2013) found that increasing fine sediments can reduce the effective hydraulic drag
(decreasing bottom roughness and/or damping turbulence), which then enhances in lockstep tidal range and
therefore turbidity. In the case of the Gironde fluvio-estuarine system, mobile mud can form when the TMZ is
positioned in the lower reaches of the GTR. The mobile mud may remain on place during a dry winter but is
expelled by river floods in wet years (Jalon-Rojas et al., 2015). The presence of the mud then could reduce the
effective hydraulic drag so increase tidal range. In order to verify this hypothesis, the amplification factor TR/
TRmouth at Le Marquis and Bordeaux is plotted against TRoum in Figure 8, distinguishing between the periods
before and after the presence of the turbidity maximum for a given year. Both periods were characterized by
a river flow between 300 and 700 m* s~ '. The comparison is plotted for two dry years (1953 and 2005) and
two wet years (1994 and 2014). While the tidal range amplification shows similar values before and after the
occurrence of turbidity maximum during dry years, it is lower before the presence of the turbidity maximum
in wet years. For example, a tidal wave of 4 m at the mouth is amplified at Bordeaux by factors of 1.25 and
1.5, respectively, after and before the occurrence of the turbidity maximum at this section (factors of 1.3 and
1.4 for 2014). Note that changes in bottom friction are not related to aquatic plants in the GTR because the
high levels of turbidity limit light penetration and therefore photosynthetic activity (Irigoien & Castel, 1997).

The values of TR/TRouth during dry years are of the same order of magnitude as after the ocurrence of the
turbidity maximum in wet periods (dotted lines, Figure 8). The river flow during dry winters is not enough to
expel the mobile mud remaining from the previous event of turbidity maximum during low water periods,
leading to persistent muddy beds that strengthen the tidal range amplification over the whole year. Wet years
are instead characterized by the seasonal presence of mobile mud, only after the passage of the turbidity
maximum; this reduces bottom roughness and enhance tidal range with respect to periods before such pas-
sage. This seasonal variability occurs at Le Marquis and Bordeaux during very wet years like 1994, but only at
Bordeaux in 2014, indicating that there is a permanent presence of mobile mud at Le Marquis. This suggests
that, during dry years, there may exist a seasonal variation in bottom roughness and tidal wave amplification
in sections upstream of Bordeaux. No impact of the seasonal variation in bottom roughness was found on
tidal asymmetry direction (figure not shown). Such a seasonal variability of tidal range amplification has only
been previously documented in the Guadalquivir River (Wang et al., 2014) but, contrary to the Gironde, there
TR/TRmouth raises with the increasing suspended sediment concentration induced by river floods.

5.4. Implications of the Evolution of Tides in an Estuarine System

In summary, the hydrosedimentary behavior of the Gironde fluvio-estuarine system over the last decades
has involved several feedback mechanisms that may favor the intensification of tides and of the turbidity
maximum up-estuary (Figure 9):
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Figure 8. Tidal range amplification (TR/TRoun) as a function of tidal range at the mouth (TR,ou) at (1) Le Marquis and
(I) Bordeaux for periods before (black points) and after (white circles) the TMZ occurrence in 1953, 1994, 2005, and 2014.
Data correspond to periods of river flow between 300 and 700 m® s~ . Dotted lines help compare dry and wet years.
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Figure 9. Schematic diagram of the interactions between environmental and

human pressures, and their consequences for the hydrosedimentary dynamics
of the Garonne Tidal River between the 1950s and the present. The feedback of

tidal range and asymmetry to the TMZ (dotted arrow) is a hypothesis, which
needs to be tested by further modeling.

1. Climate change and the intensification of water abstraction in the
watershed result in decreasing river discharge, enhancing not only
the concentration, persistence, and upstream displacement of the
turbidity maximum (see details in Jalén-Rojas et al., 2015) but also
the tidal range and asymmetry direction.

2. The upstream shifts of the turbidity maximum reduce bottom rough-
ness and generate permanent morphological changes. This also con-
tribute to the increases in tidal range and asymmetry direction.

3. The gravel extraction between the 1960s and the 1980s deepened
sections, eliminated intertidal zones, and led to smoother beds. As
a consequence, the tidal range and asymmetry direction increased
in the region of Cadillac.

4. The increases in tidal range and asymmetry due to these processes
have likely contributed to more intense tidal pumping and there-
fore the intensification of the turbidity maximum; this, in turn,
causes changes in morphology and bottom roughness.

The fact that the tidal range and asymmetry changes have significantly

impacted sediment advection and the turbidity maximum is at this stage a

hypothesis. In this work, we have only evaluated the evolution of vertical

asymmetry, but it is the horizontal asymmetry that governs the residual
transport of sediments. However, given that the vertical asymmetry direc-
tion can be a good indicator of horizontal asymmetry (Neill et al, 2014), we
assume that there was an intensification of flood conditions over the last
decades that would have contributed to the upstream shift of the turbidity

maximum. This assumption needs to be tested by further modeling.

The outcomes of this work are particularly crucial for better forecasting the evolution of tidal propagation in the
Gironde fluvio-estuarine system. Given that the annual discharge of the Garonne is projected to decrease, as in
other south European river basins (Alfieri et al., 2015), tidal range and asymmetry direction are expected to con-
tinue increasing, for three reasons: (a) the direct impact of decreasing river flow on these parameters, particularly
in the upper reaches, (b) the upstream shift of the turbidity maximum and therefore of the accretion zone due to
decreasing discharges, and (c) the longer presence of seasonal mobile mud in the upper reaches, promoted by
persistent low discharges. By analogy, therefore, one could speculate that the predicted decreasing trends in dis-
charge in different world regions are likely to influence tidal propagation in many estuaries, in particular those
having a TMZ.

No study has evaluated jointly the effects of river flow and morphology on the evolution of tides so far.
Most estuaries for which the interannual evolution of tides was assessed are characterized by major human-
induced morphological changes and discharges regulated by weirs (e.g., Ems, Scheldt, Weser Rivers; van
Maren et al,, 2015; Winterwerp et al., 2013). Even so, the generation of overtides and subtidal dynamics is
reliant on river flow in regulated estuaries, as shown by Losada et al. (2017) on the Guadalquivir. Therefore,
the evaluation of multidecadal changes in tides should consider both discharge and morphological impacts.
Furthermore, the present work highlights methodological implications, such as the relevance of developing
and improving the modeling of tidal-river dynamics (e.g., Cai et al., 2014) and nonstationary harmonic meth-
ods such as NS_TIDE (Matte et al., 2013). Studies using NS_TIDE or regression methods (Kukulka & Jay, 2013)
to forecast tides from future trends in river flows should use only the most up-to-date tide data, and con-
sider as a limitation that even moderate natural morphological changes could impact the evolution of tides.
In addition, the modeling of estuaries characterized by a seasonal variation in the turbidity maximum and
in the mobile mud should include a time-varying effective hydraulic drag in order to improve the prediction
of tides and therefore of suspended sediment concentrations.

6. Conclusions

This study has quantified the changes in tidal range and vertical tidal asymmetry over the last six decades
in the Garonne Tidal River (GTR), the upper region of the Gironde Estuary, a consequence of changes in
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hydrology (seasonal and multidecadal changes) and in natural mor-

Main pressure: Morphological changesin lower

Tidal Range:
- Amplification 1953-2014: +12-15%
- Main change: 1994-2005 (+7-9%)
Tidal asymmetry (2@p,,-@py,):
- Amplification 1953-2014: +13-15%
- Main change:1971-1982 (+6%)

i phology (upstream shift of the accretion zone due to hydrological

changes), and of gravel extraction (which deepened sections,
removed intertidal zones and decreased bed roughness).

sections

Observations revealed that both the tidal range (TR) and asymmetry
direction 2¢p,-¢ps in the GTR have increased over the last six deca-
des. The increase in 2¢py-¢p4 suggests an intensification of flood

dominant conditions with time. Three factors affect TR evolution:

Ve

Main pressure: Gravel extraction
Tidal Range:

Tidal asymmetry (20,,-@,,,):

| Secondary pressure: Decreasingriver flow
Tidal Range: Amplification (e.g. from 250450 m3s™|

UPPER GARONNE river flow; morphology; and bottom roughness (at both seasonal

and interannual time scales); the increase in 2¢p,-¢pps Was mainly
the result of interannual changes in morphology and bottom
roughness.

- Amplification 1953-1994 : +23%
- Main change: 1953-1971 (+17 %)

- Amplification 1953-1994: +10%

- Main change: 1953-1971 (+10%) Both TR and 2¢p,-¢ps have increased progressively over the decades

in the lower GTR (around Le Marquis and Bordeaux, Figure 10), up to
an average increase of 12-15% between 1953 and 2014 for dry peri-

t0 150£50 mst = +11.5%)

Cadillac

ods. The similar rates of change during periods with and without
gravel extraction suggest that this increase was mainly promoted by
natural morphological changes. River flow also influences TR in the
lower GTR. On a seasonal scale, TR can increase by 15% from river
floods periods (1,500-2,000 m® s ") to dry periods (100-200 m* s ).
The annual trends in TR depend similarly on the hydrological regime.
The hydrological regime also induces seasonal changes of bottom

W
e i _\‘L
. e -

Vv )
Limit of tidal influence N

Figure 10. Summary of the main modifi

tidal Garonne River for the period 1953-

roughness that affect TR. Dry years were characterized by the persis-
tence of mobile mud in the lower GTR (after the departure of the
TMZ) that increased TR up to 16% compared to periods of absence of
these deposits during the winter and spring of wet years.

cations in tidal characteristics in the
2014.

The evolution of TR and 2¢p,-¢p4 followed different patterns in the upper GTR (around Cadillac, Figure
10). The increase in these parameters was higher than in the lower sections (Le Marquis and Bordeaux);
the most significant change occurred between 1956 and 1971, concurrent with gravel extraction.
Between 1956 and 1994, TR and 2¢p,-¢p4 increased on average by 17% and 10%, respectively, of which
around 3-4% would have been consequence of natural morphological changes in the Gironde (values
in the lower section of the GTR). Therefore, the changes in morphology and bottom roughness induced
by gravel extraction were the main factors that affected tidal properties in the last decades. Hydrology
also plays a major role in the evolution of tides in the upper GTR. A slight decrease in river flow can
increase tidal range significantly (e.g., +11.5% from 200-300 to 100-200 m® s '; Figure 10). Further-
more, decreasing discharges shift the boundary between the river-dominated and tide-dominated
regions upriver.

This study is the first to encompass the effects of morphology and hydrology on long-term changes in tides,
and the results demonstrate the importance of considering both factors. In the Gironde fluvial-estuarine sys-
tem, long-term hydrological and morphological changes are intrinsically related, and their feedback contrib-
ute to the increases in TR and 2¢p,-¢ps. Decreasing river flow is the main factor explaining the trends of
natural morphological changes and of the higher persistence of low bottom roughness in the lower section
of the GTR. This implies that tidal range and asymmetry are likely to further increase with the expected
decrease in river flow over the next decades.

Future work on estuarine dynamics needs to consider the impact of morphology on tides. This could be
achieved by quantifying the morphological changes over time in terms of loss/gain of intertidal zones,
accretion/erosion rates, depth variations, and seasonal bottom roughness shifts. Such an analysis is not pos-
sible in the GTR due to the scarcity of historical bathymetric and sedimentological data. Another important
issue is the implications of the described tidal patterns on the transport of suspended sediments. Besides
the decreasing trend in river flow, the amplification of tidal range and vertical asymmetry could have also
contributed to the intensification of the turbidity maximum in the GTR, which in turn favors the changes in
morphology and bottom roughness that enhance tidal properties.
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Table A1

Summary of Advantages and Disadvantages of the Main Tidal Analysis Methods

Type

Method

Advantage

Disadvantage

Stationary

Nonstationary

HA

Short-term HA

NS-HA

Wavelet approach Complex demodulation
(single frequency)

CWT (multifrequency)

Resolution of tidal constituent
(Mz, Sz, M4, MSf, etC.)
Suitable for predictions

Resolution of tidal constituent
(M2, Sy, My, MS, etc.)

Resolution of tidal constituent
(M, Sy, My, MSS, etc.)
Suitable for predictions
Accurate in determining time
variations of tidal constituents

Accurate in coping with
nontidal variations and strong
time-varying properties (Guo
et al., 2015)

No reproduction of time-varying
properties such as those
characteristic of tidal-river
dynamics

Inaccurate results when river flow
variability is high (Jay & Flinchem,
1997) Not suitable for prediction

Need for long records (Matte et al.,
2013) The model reaches its
limits for very low river flows?
Relies on the availability of river
flow records

No resolution of tidal
constituent, but frequency bands
(diurnal, semidiurnal, etc.). This
implies that spring-neap

variations appear in higher
frequency bands (Hoitink & Jay,
2016) Not suitable for prediction,
unless it is used in a prediction
model (Kukulka & Jay, 2003)
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Appendix A: Brief Overview of Tidal Analysis Methods

There are two groups of methods for determining amplitudes and phases of the frequencies involved in a tidal
signal; most of them are described in the methods state of art provided by Hoitink and Jay (2016): (a) stationary
methods, such as classical harmonic analysis (Pawlowicz et al,, 2002), which are suitable for oceanic tides in
deep waters and (b) nonstationary methods, which are better suited to tidal rivers subject to nonstationary forc-
ing such as river flow. Nonstationary methods include short-time harmonic analysis (Godin, 1999; Guo et al,
2015; Zaron & Jay, 2014), nonstationary harmonic analysis (Matte et al., 2013), and wavelet approaches (complex
demodulation, Gasquet & Wootton, 1997; continuous wavelet transform, Jay & Flinchem, 1997, 1999).

The main advantages and disadvantages of these methods are briefly summarized in Table AT.
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