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Abstract Transverse variations of tidal and subtidal flow were investigated in a macrotidal and conver-
gent estuary. This was accomplished by combining data analysis of current velocities and water density
with numerical modeling at the mid-reaches of the Gironde Estuary (France). Nonlinear mechanisms respon-
sible for overtide generation and hence subtidal flows were found to vary across the estuary and from neap
to spring tides. Subtidal flows were driven by a combination of internal asymmetry, tidal advective accelera-
tions, nonlinear effects of water level variations, quadratic friction, and river discharge. The quarter-diurnal
overtide band (D4) in the flow was generated by internal asymmetry and tidal advective accelerations during
neap tide. The ratio of quarter-diurnal to squared semidiurnal bands (D4/D2?) was largest (>0.3) in sections of
the channel showing subtidal outflow. River discharge increased from neap to spring tides causing a subse-
quent increase of seaward subtidal currents. During spring tide, D4 was generated by tidal advective accelera-
tions and quadratic friction combined with river discharge, rather than by internal asymmetry. The sixth-
diurnal overtide (D6) in the flow was comparable to D4 for both neap and spring tides. Largest D6/D2? ratios
were found in the shallowest cross-channel locations during both neap and spring tides.

1. Introduction

Subtidal, or tidally averaged, flows in estuaries can be driven by density gradients, wind, river discharge, or
tidal nonlinearities (also referred to herein as tidal stresses, tidal rectification, or tidal distortion). Each of
these mechanisms may exhibit the same order of magnitude and contribute to subtidal flows [Huijts et al.,
2009]. In particular, tidal rectification may produce spatial variations in the transverse distribution of subtidal
flows, resulting from advective accelerations.

In addition to modifying subtidal flows, nonlinear advection also affects intratidal flows through flood-ebb asym-
metries [Aubrey and Speer, 1985; Parker, 1991]. But these asymmetries, which are represented by overtides and
compound tides, also result from bottom friction and tidal interactions with channel geometry, such as an along-
estuary change in cross-sectional area [Tee, 1976; Aubrey and Speer, 1985]. In the absence of bottom friction, flood
dominance (shorter and stronger flood currents) has been attributed to distortion of a nonreflected progressive
tidal wave [Salomon and Allen, 1983; Dronkers, 1986; Parker, 1991]. In this case, a wave crest moves faster than the
trough along the estuary. The crest of the tidal wave may partially overtake the trough, which yields a shorter
and stronger flood and a longer and weaker ebb due to conservation of mass [Friedrichs and Aubrey, 1988]. This
effect can be exaggerated during spring tides in the fortnightly tidal cycle (14.7 days) as the tidal range increases.

When considering the effects of bottom friction on tidal distortion, bottom stresses from estuary bathyme-
try are generally expressed as a nonlinear function [Uncles, 1981; Speer and Aubrey, 1985]. Bottom friction
produces greater damping in shallow than in deep water, producing an earlier shift from flood to ebb tide
at the sides of the estuary relative to the middle [Dyer, 1973; Valle-Levinson and Lwiza, 1995]. This time lag
between low water at the mouth and low water in the inner estuary is greater than the lag at high water,
resulting in a longer and weaker ebb and a shorter and stronger flood. As the tidal amplitude to depth ratio
or distance into such an estuary increases, this effect should increase [Parker, 1991].

On the other hand, ebb dominance (shorter and stronger ebb currents) is caused by the weak exchange of
water around high tide in estuaries with vast intertidal water storage areas and relatively deep channels. In
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particular, at low tide, the intertidal areas are empty while channels remain completely submerged, which
allows for a faster transition to flood. At high tide, the delay in the transition to ebb tide causes a relatively
shorter ebb and strongest currents during the ebb. Ebb-dominant systems tend to flush sediments out-
estuary and are more morphologically stable than flood-dominant systems [Friedrichs and Aubrey, 1988].

The manifestation of tidal distortion as asymmetries in the flood and ebb tide arise from specific nonlinear
terms found in either the momentum or continuity equations governing the flow. A description of these
nonlinear terms and how they generate overtides is needed to understand how tidal asymmetry and thus
tidally induced subtidal flow is generated.

1.1. Overtide Generation

The estuaries of concern for this study are considered to be long and narrow, and so they have specific
requirements for their characteristic length scales. The first requirement is that the depth, H, and the chan-
nel width, B, are both much less than the tidal wavelength, L, (H < L; and B < L, respectively). Also, the
ratio of the channel width to the barotropic Rossby Radius of Deformation, Lz, must be much less than
the ratio of the tidal amplitude, A, over the depth (B/Lz < A/H). In systems that satisfy these requirements,
the one-dimensional (along-channel) continuity and momentum equations can be derived as

9 19(h+)bu
ot b ox

ou  du ¢ ulul
+ =— —0—

=0, M

o YaxT 9ax Yheo @

where ( is the water level elevation, u and h are the cross-sectionally averaged velocity and depth, respec-
tively, g is gravitational acceleration, o is a drag coefficient, t is time, x is the along-estuary distance, and b is
the width of the basin. The basin width, b, is described by an exponential function, b(x)=be */, in funnel-
shaped estuaries where b is the width at the mouth of the estuary and L, is the e-folding length. The full
derivation of these equations can be found in Parker [1991] and the references therein.

These equations contain three nonlinear terms, the advective acceleration term, udu/dx and the friction
term, a(ulul)/(h+{), which are both from the momentum equation, as well as 9({bu)/dx from the continu-
ity equation. The friction term can be split into two separate nonlinear mechanisms, u|u|, the quadratic fric-
tion term, and (ulu|, which describes the effect of water elevation on momentum loss from friction [Parker,
1991; Godin, 1999].

The terms 9({bu)/0x, udu/dx, and {u|u| generate even harmonics like M4. In particular, the nonlinear con-
tinuity term 9({bu)/dx and the friction term {u|u| cause the crest of the tidal wave to travel faster than the
trough due to the varying sea level, producing the asymmetric nature of M2 and generating even harmon-
ics such as M4. The effect of the advective term u du/0x is also due to the crest of the wave having a larger
celerity than the trough. However, this comes from the tidal current amplitude being comparable to the
wave celerity in shallow systems. The influence of the advective term decreases with increased channel
width convergence (smaller e-folding lengths), increased friction or a reflection of the tidal wave [Parker,
1991]. The quadratic friction term ulu| can generate the same effect as the terms of the continuity and
momentum equations (creating large M4/M2 ratios) when it is combined with a mean flow from river dis-
charge. The quadratic friction term alone produces odd harmonics such as M6 [Prandle, 1991]. Momentum
transfer to M6 through ulu| decreases with increasing river discharge. However, as long as there are still
slack tides, the quadratic friction term will generate M6. Similar processes to those described for M2 hold
for other constituents such as S2 and N2. Also, when these constituents interact with each other, compound
tides such as MS4 or MN6 can be formed.

The nonlinear terms described above transfer energy to higher harmonics (e.g., M4, M6, and M8) and pro-
duce asymmetric tidal velocities resulting in subtidal flows and a net transport of sediments [Dronkers,
1986; Speer and Aubrey, 1985; Friedrichs and Aubrey, 1988; Parker, 1991]. Estuaries tend to exhibit varying
degrees of nonlinear response to tidal forcing as measured by the ratio of amplitudes of M4, M6, and M8 to
M2 [Parker, 1991; Jay, 1991; Godin, 1999; Jay and Kukulka, 2003]. The most widely used indicator of nonline-
arity is the M4/M2 ratio, which shows the effect of spectral energy transfer from M2 to M4. However, the
ratio M6/M2 can also indicate nonlinearity as it represents energy transfer through frictional dissipation
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[Aubrey and Speer, 1985; Blanton et al., 2002]. The ratio M6/M2 is typically smaller than the M4/M2 ratio.
When the individual tidal harmonics cannot be resolved due to sampling frequency or duration [Foreman,
1977], the same ratios can be quantified for tidal species (or tidal bands). These tidal bands are denoted as
D2, D4, and D6 for the semidiurnal, quarter-diurnal, and sixth-diurnal tidal species, respectively [Jay and
Kukulka, 2003].

In addition to the barotropic tide generating asymmetries, other studies have looked into internal tidal
asymmetry [Jay, 1991; Simpson et al., 1991; Jay and Musiak, 1996; Jay and Kukulka, 2003]. Internal asymmetry
develops as the product of the time variations in both eddy viscosity and shear and results in internal over-
tides and a layered mean flow [Jay and Kukulka, 2003]. Since internal overtides produce zero vertically inte-
grated flow they can be identified if the overtide phase shifts 180° over the water column (more details can
be found in Jay and Kukulka [2003]). Jay and Kukulka [2003] found internal overtides (and internal tidal
asymmetry) in the Columbia River Estuary where they reported a 180° phase shift in the D4 signal over the
water column. Further, if the 180° phase shift occurs concurrently with an elevated normalized amplitude of
the D4 overtide (quantified as D4/D2?), the asymmetries are generated internally rather than through the
barotropic tide. Internal asymmetry is often found during neap tides and periods of enhanced river runoff
as enhanced tidal currents reduce water column stratification [Jay, 1991].

Studies have shown that tidal nonlinearities produce subtidal flows in estuarine systems [George and Simon,
1984; Speer and Aubrey, 1985; Parker, 1991; Jay, 1991; Godin, 1999; Jay and Kukulka, 2003; Gallo and Vinzon,
2005], but there is a lack of understanding how the transverse distribution of tidal nonlinearities affects lat-
eral variations of subtidal flow. This study investigates the lateral distribution of subtidal circulation at the
mid-reaches of the Gironde Estuary and its variability from neap to spring tides. This is the first study that
examines lateral (depth-dependent) variability of subtidal flow in the Gironde. This system is macrotidal and
hypersynchronous lending to its flood dominance and asymmetric tidal wave, ideal for studying tidal distor-
tion as a driver of subtidal flow. There are two main goals of this study. The first is to determine whether
transverse distributions of tidal nonlinearities produce lateral variations of subtidal flow. The second is to
analyze how the lateral variations of tidal nonlinearities and subtidal flow patterns change from neap to
spring tide. These objectives are accomplished using data analysis and numerical modeling. Most emphasis
is on the data analysis, using numerical results to validate interpretations.

The remainder of this work will be presented as follows. The study area where field measurements were col-
lected is presented in section 2. The methods used in this study including data collection, data analysis and
numerical modeling will be presented in section 3 and the results are presented in section 4. Finally, the dis-
cussion and conclusions are presented in sections 5 and 6, respectively.

2, Study Area

The Gironde Estuary is a prototype of a macrotidal, funnel-shaped system. It is similar to other macrotidal
and highly turbid estuaries (e.g., the Severn, the Ems, and the Loire), which makes this work relevant to
other macrotidal and/or convergent systems. The mid-reaches of the estuary contain channels and small
islands. However, the morphology becomes simpler in the downstream portions of the estuary, featuring a
main channel (on the western side of estuary), a secondary channel known as Saintonge Channel (on the
eastern side of the estuary) and a central shoal. The study area (Pauillac) was chosen as it is the first location
downstream of Bordeaux without an island in the middle of the estuary, therefore enabling uninterrupted
cross-channel measurements. The bathymetry of the Gironde varies from ~25 m deep at the deepest point
of the mouth to 5-10 m in the upstream portions of the estuary and in the rivers (Figure 1b). The tide is pre-
dominantly semidiurnal with range between 2.5 and 5 m during the neap/spring cycle at the estuary
mouth.

The Gironde is the largest estuary in Western Europe (Figure 1) with a surface area of approximately
635 km? and a tidal influence of approximately 180 km [Bonneton et al., 2015; Jalén-Rojas et al,, 2015]. In
terms of scaling, the Gironde is considered long and narrow and therefore is governed by equations (1) and
(2) above. In particular, the narrow basin approximation (B < L;) is satisfied since the maximum width of
the system is 10 km (average width is 3 km) compared to an ~400 km tidal wavelength. The shallow water
approximation holds (H < L) since the average depth is ~10 m. Finally, the ratio B/Lz < A/H is also
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Figure 1. Study area map with (a) location in France, (b) zoom in on Gironde Estuary, depicting the location of two ADCP moorings
(ADCP1 and ADCP2, deployed from June to November 2015) used for model validation. The blue square depicts the location of the ADCP
transects and CTD casts performed in April 2015. (c) Zoom of ADCP transect location and CTD profile positions. The black lines depict the
actual ADCP transect paths during spring and neap tides (the black line located upstream was the neap tide transect path). The black dots
along the ADCP transect path depict the locations of the CTD profiles. During the spring tide sampling, the dot labeled 1 is for CTD profiles
taken on the western shoal, 2 is for the main channel, and 3 is for the eastern shoal. Points 4, 5, and 6 are the same as 1, 2, and 3, but for
the neap tide sampling.

fulfilled since the barotropic Rossby Radius, Lg=+/gH/f= ~99 km, where f is the Coriolis parameter at 44°
latitude and the tidal amplitude is at least A= ~1.25 m.

As the tide propagates into the Gironde friction increases and subsequently distorts the tidal wave as it con-
tinues upstream. In addition, the convergent width of the Gironde causes the tidal wave to amplify along
the basin [Allen and Castaing, 1973; George and Simon, 1984; Ross and Sottolichio, 2016]. The tidal wave is
nearly symmetric at the mouth of the estuary. However, as the tidal wave reaches Bordeaux (~100 km
upstream), the estuary becomes flood-dominant with flood tide taking ~4 h and ebb tide about 8 h 25 min
[Jalén-Rojas et al., 2015].

The estuary is also known for its high turbidity, which reaches approximately 10 g/L in the turbidity maxi-
mum zone [Sottolichio and Castaing, 1999; Sottolichio et al., 2011; Jalén-Rojas et al., 2015]. Sediment concen-
trations of several g/L and a grain size between 50 and 150 um [Gibbs et al., 1989] at the surface present a
challenge to measuring flow with acoustic methods because these methods are at the limit of their capabil-
ity in such conditions [RD Instruments, 1999; Yorozuya et al., 2014]. This is problematic when attempting to
obtain full water column velocity measurements using an acoustic device. The received acoustic signal is
strongly attenuated in the water column by the ample backscattering from the suspended flocs, so the
device will not record any velocity.

Two rivers, the Garonne and Dordogne, feed into the Gironde approximately 75 km upstream with a com-
bined discharge varying depending on the season [Huybrechts et al, 2012]. Average discharge of the
Garonne and Dordogne Rivers are highest during the winter and spring seasons (December-June) with
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average combined (Garonne and Dordogne River) discharge reaching 2000 m*/s. During the winter and
spring, the majority of the discharge originates from the Garonne River (Garonne winter average is
~750 m*/s while Dordogne average is ~400 m>/s). During the summer and fall months (July-November),
average discharge values for the Garonne and Dordogne are approximately the same (~200 m>/s). The sea-
sonal variations in river discharge can change the water column stratification in the estuary from well mixed
during low discharge periods (summer and fall) to partially stratified during high discharge (winter and
spring) [Allen et al., 1980].

3. Methods

3.1. Data Collection

Both vessel-towed and bottom-mounted ADCPs were used to collect data in the Gironde Estuary during
neap and spring tides in April 2015. Two 13 h experiments were performed during neap (14 April) and
spring (20 April) tides across the Gironde Estuary near the town of Pauillac, located approximately 48 km
from the mouth (Figure 1¢). In addition, profiles of temperature and salinity were taken concurrently with
the ADCP transects at three locations across the approximately 4.5 km transect (Figure 1c). The first profile
was taken on the western shoal, the second in the main channel (approximately 1 km from the western
shoal) and a third in the Saintonge Channel (or the eastern shoal, approximately 4.25 km from the western
shoal). These profiles were obtained with an Optical Backscatter (OBS-3A; temperature accuracy: +0.5°C,
conductivity accuracy: 1%) probe and a Yellow Springs Instrument (YSI 6600 V2-4 Multi-Parameter Water
Quality Sonde; temperature accuracy: 0.01°C, conductivity accuracy: 0.001-0.1 mS/cm) throughout the mea-
surement period. A total of 12-13 profiles were obtained at each of the three stations during neap and
spring tides.

Underway velocity profiles were recorded with a boat-mounted 1200 kHz RDI Workhorse ADCP in 50 cm
bins at 120 pings per ensemble during one complete tidal cycle. Navigation was carried out with a Global
Positioning System (GPS). A total of 12 transect repetitions were sampled for neap tides and 13 transects for
spring tides. The transect data were organized in uniform grids across the estuary and with depth. The
spring tide transect location was slightly further downstream (~500 m) than the neap tide transect. The
transect had to be moved because of uncharted submerged pipe and rock barriers that became exposed in
spring tides over the transect sampled at neaps. This resulted in a slight change in cross-channel bathyme-
try from one sampling period to the next, which will be detailed in the results section.

The ADCP data were trimmed before further data processing. Measurements within 10% of the bottom
were excluded due to side lobe effects. In addition, any data ensemble with a signal return of less than 85%
good data were omitted, which included 7% of the raw data. Further, error velocities greater than ~5% of
the maximal flow were excluded, which included less than 1% of the raw data. A correction of the remain-
ing data was then carried out following the method of Joyce [1989]. This correction involved a comparison
of bottom track velocities measured by the instrument to instrument velocities derived by the GPS data.

Because of the high concentration of suspended sediment, the threshold acoustic contrast to identify the
bottom had to be lowered for both neap and spring tides. As anticipated in section 2, data were lost in the
main channel during the spring tide sampling due to the high turbidity, despite lowering the bottom detec-
tion threshold. It is estimated that ~6% of the flow went through the unsampled areas throughout the
transect.

A second ADCP (RDI 1200 kHz), which will be referred to as ADCP,,, was moored (Figure 1c) to place the
transect data in the context of temporal variability. This instrument was deployed in the main channel near
the ADCP transect path for several days, encompassing the towed ADCP sampling period (Figure 1c).
ADCP,,, collected data in 0.25 m bins every 10 min. During neap tide, ADCP,,, was moored at 45°16.326'N,
0°44.984’'W from 12 to 14 April (~3 days) and for spring tide it was moored as close as possible to the loca-
tion of the neap tide mooring, 45°16.248'N, 0°44.940'W from 19 to 20 April (~2 days).

Daily river discharge values from both the Garonne and Dordogne Rivers were collected from French gov-
ernmental agencies (data available at www.hydro.eaufrance.fr) during the period 12-22 April 2015. Dis-
charge measurements showed typical values for April with Qgaronne +Qpordogne = ~1050 m>/s. There was
some variation over the neap/spring cycle. In particular, the discharge was ~700 m®/s for the neap tide
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Figure 2. (a) River discharge (combined Garonne and Dordogne discharge) from 12 to 22 April 2015. (b) Water level elevations at Pauillac
for the same time period as Figure 2a. The red dots on the x axis of Figures 2a and 2b depict the neap tide ADCP transect sampling start
and stop times, the blue dots depict the spring tide ADCP sampling start and stop, the cyan dots represent the ADCP,,, neap tide mooring
start/stop times, and the magenta dots represent the ADCP,,, spring tide mooring stop/stop times.

experiment and ~1300 m?/s for the spring tide experiment (Figure 2a). Hourly water level measurements
were collected from 12 to 22 April from a tide gage station located at the Pauillac harbor (data available at
http://maree.info/160; Figure 2b).

3.2. Data Analysis

Instantaneous velocity data collected from both the neap and spring tide ADCP transects were interpolated to
uniform grids of 0.5 m depth and 100 m length for a time period of ~13 h. The interpolated velocity data can
be represented as the sum of multiple harmonics. The semidirurnal harmonic (period of ~12.42 h) and its first
and second harmonic overtides, the quarter-diurnal (period of ~6.21 h) and the sixth diurnal (period of
~4.24 h), were separated from the subtidal signal of the observed flow using a sinusoidal least squares fit
regression analysis [Lwiza et al., 1991]. The analysis was performed independently on the time series generated
at each grid point. The separate influence of the different semidiurnal components (M2, N2, and S2) could not
be resolved because the period of observation fell short of the Rayleigh criterion [Foreman, 1977; Emery and
Thomson, 2001]. Therefore, the tidal bands (or tidal species) rather than the proper harmonics M2, M4, and M6
were considered. The semidiurnal tidal band is referred to as D2, the quarter diurnal as D4, and the sixth diur-
nal as D6, where this notation has been adopted from Jay and Kukulka [2003]. The tidal flow was represented
by the sum of a subtidal contribution plus a velocity amplitude and phase for each of the three tidal constitu-
ents (D2, D4, and D6). The subtidal signal includes the effects of diurnal tides, wind, density gradients, and tidal
rectification. Further, the data collection took place for approximately 13 h, which was not long enough to
resolve the diurnal tide. However, analysis of 100 days of water level measurements from the tide gage located
in Paulliac revealed that the amplitude of the K1 and O1 harmonics, combined, account for <2% of the total
tidal amplitude (not shown), indicating that the diurnal harmonics can be ignored without ambiguity.

In order to determine the transverse variations of subtidal flow the harmonic analysis was applied to the
observed along-channel and cross-channel flow (u and v) collected from the ADCP transects for both spring
and neap tides. This analysis included the three tidal species D2, D4, and D6 as follows,

u=uo +AD25in (tzt+HDZ)+AD4sin (U)D4t+ 6D4)+AD5sin (wD5t+ 0D6)7 (3)

where u, is the subtidal velocity, t is time, Apy, Aps, and Apg are the velocity amplitudes, wp,, wps, and wpg
are the harmonic frequencies, and 0p,, Ops, and Ops are the velocity phases of the D2, D4, and D6
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harmonics, respectively. Normalized ratios of the amplitudes of the D4 and D6 harmonics to the dominant
D2 harmonic, adapted from Jay and Kukulka [2003], were calculated to check the strength of tidal nonlinear-
ities at the mid-reaches of the estuary. The larger this ratio, the more likely that subtidal flows were a result
of nonlinearities [Friedrichs and Aubrey, 1988]. A similar least squares fit was carried out for velocity measure-
ments collected with ADCP,,, and were compared to the transect data. The least squares fit regression analy-
sis was applied to each depth bin (after conversion to sigma coordinates) of ADCP,, for the length of the
sampling period (approximately six tidal cycles for neap and approximately four tidal cycles for spring,
respectively).

In order to determine whether transverse variations of subtidal flow are generated by internal asymmetry
or tidal advective accelerations (barotropic tide) the internal Tidal Froude Number was used [Valle-Levinson
and Schettini, 2016]. Tidal advective accelerations, udu/dx, can be scaled as U2 /L, where U, is the tidal cur-
rent amplitude and L, is the tidal excursion. The baroclinic pressure gradient, or %g—ﬁh can be scaled as gﬁ—ﬁ"’
or %H' where g’ is the reduced gravity. The internal Tidal Froude Number, or “Tidal Froude Number (Fr,)" is
the ratio of the scaled tidal advective accelerations to the scaled baroclinic pressure gradient (the length

scale, L, cancels out),
Fro=U/(g'H). (4)

This ratio is used to determine the role of the baroclinicity in the subtidal flow. For this comparison, U, was
calculated as the depth-averaged D2 tidal velocity amplitude from the harmonic analysis. The average
cross-channel depth is H and the angled brackets denote a tidal average. The reduced gravity was calcu-
lated as g'= 9;#, where Ap was quantified in two ways. First, it was calculated using a cross-sectional aver-
age of the density profiles collected using the OBS-3A and YSI probes. This approach produced values of
the Tidal Froude Number across the estuary, hence it reflects cross-channel density gradients (Ap=g—;’Ay;
Figure 4). Second, it was calculated from density profiles collected at each of the three observation stations
throughout the tidal cycle (Ap= %Az). This approach produced values of the Tidal Froude Number consid-
ering vertical variations in density. The depth profile was obtained from the ADCP’s bottom track.

Values of Fr, greater than 1 (log 1o(Fr,) > 0) implied that tidal advective accelerations were more influential
in driving the subtidal flow than baroclinic pressure gradients. On the other hand, Fr, less than 1
(log10(Fro) < 0) indicated that the subtidal flow was influenced more by density gradients than advective
accelerations. Values near 1 show the influence of both tidal advective accelerations and pressure gradient
in driving subtidal flow. It is assumed that a Fr, greater than 1.25 (log 1(Fr,) > 0.1) indicates that advective
accelerations dominate over the baroclinic pressure gradient and values less than 0.75 (log 10(Fr,) < —0.1)
indicate that the baroclinic pressure gradients dominate [Valle-Levinson and Schettini, 2016].

3.3. Numerical Model

Numerical computations were used to complement results derived from data analysis. In particular, the
model helped to verify the forcing mechanisms of the observed along-channel subtidal flow. Simula-
tions were performed with the Telemac 3D finite-element system, which has modeled various estuarine
configurations [Brown and Davies, 2010; Huybrechts et al., 2012]. The model domain was used by Huy-
brechts et al. [2012] to optimize two-dimensional hydrodynamic modeling (tide and currents) in the
Gironde using Telemac 2D. Huybrechts et al. [2012] only considered depth-averaged flow so a slightly
modified unstructured grid was implemented for this study of three-dimensional currents. The grid is
comprised of 10 vertical layers that each contains 47,646 nodes. Forcing for the Telemac 3D model
included daily river discharge measurements at upstream boundaries and 42 tidal harmonics at the
downstream boundary at a 30 s time step. The inclusion of 42 harmonics produced a more realistic
water level variation than the simplified harmonic analysis that only included three harmonics. There-
fore, the model results were subjected to the same harmonic analysis that was applied to these data,
which produced similar results.

Simulated tidal levels were validated by using tide gage records from 9 stations located along the Gironde
Estuary and the Garonne River (Figure 1b and Table 1). Root mean square errors (RMSE) and normalized
root mean square errors (NRMSE or the RMSE divided by the range of the measured data) between model
results and tide gage data are detailed in Table 1. Model results were most accurate near the mouth of the
estuary (Port Bloc, RMSE of 0.08 m; Table 1). Near the river confluence zone (Le Marquis; Table 1) and at the
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tide gage station Richard, the error increased to
Table 1. Root-Mean-Square Errors (RMSE) and Normalized

Root-Mean-Square Errors (NRMSE) for Model Validation With the 0.13 m. These values are comparable to HuybreChts

Tidal Amplitude at Nine Tide Gage Stations Along the Gironde et al. [2012] and are low enough to consider the
Distance From RMSE NRMSE validation as satisfactory.

Location Mouth (km) (m) (%)

—— o - s Vejlooty vallda.tlon in the Gironde .was accom-

Richard 16 0.13 26 plished by using two ADCP moorings located

Lamena 32 0.09 1.8 ~20 km downstream of the study site, which col-

Pauillac 49 0.11 22 | dd for 6 hs. Th d h

i ——— 5 e e ected data for 6 months. These data were chosen

Ambes 70 0.11 22 for model validation due to the length of the time

'ée etereyus ;? g':; i'i series, which covered both spring and neap tides

assens b g L.

Bordeaux 93 012 24 as well as seasonal variations. To the best of the

authors knowledge, no other long-term ADCP
measurements are available at this time. Figure 3
shows a comparison of bottom and surface currents from the two ADCPs (ADCP1 and ADCP2 in Figure 1b)
compared with model output for 10 days in 2015. Values of RMSE are presented in Table 2 for each ADCP
during neap tide, spring tide, and for the entire sampling period. In addition, the NRMSE is detailed in Table
2. The RMSE was under 14 cm/s for both neap and spring tide velocity simulations producing a NRMSE
value of 8.9%. The results at the location of ADCP 2 (Figure 1c) were more accurate than that of ADCP 1
(maximum NRMSE of 6.25% for ADCP 2 and 8.9% for ADCP 1). This could be attributed to dredging activities
that take place year round in the main channel of the Gironde (location of ADCP 1) resulting in a different
bathymetric profile than the model mesh.

4, Results

This section describes salinity, tide and river discharge variations throughout the sampling period. Next, the
transverse variations of subtidal flow and tidal nonlinearities from the vessel towed ADCPs are discussed. All
figures of tidal and subtidal flow are oriented looking out-estuary with negative values (cool colors) depict-
ing outflow and positive values (warm colors) depicting inflow. The ADCP mooring data (ADCP,,) is then
considered to verify the presence of tidal nonlinearities found in the ADCP transect data. Finally, numerical
model simulations are examined to help determine subtidal flow drivers.

T T T T T T
(a) = Model Bottom
= Model Surface
15¢ +  ADCP1 Bottom
— - ADCP1 Surface
I 5
A A A A A %
~ a ) ) A . 5
g VARAAAAR ) A‘\‘A‘A‘AAAA, ) :
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Figure 3. Validation of 3-D current speed (m/s) from the Telemac 3D model. (a) Model output at the surface (blue) and bottom (green)
compared to ADCP1 data at the surface (red dots) and bottom (black dots). (b) Same as Figure 3a but for ADCP2.
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Table 2. Root-Mean-Square Errors (RMSE) and Normalized
Root-Mean-Square Errors (NRMSE) Between Model Simulation
Results of Current Magnitude and Data From ADCP1 and ADCP2

RMSE (m/s) NRMSE (%)

ADCP1 Surface All 0.13 8.2

Neap 0.09 57

Spring 0.14 8.9

Bottom All 0.13 8.2

Neap 0.12 7.6

Spring 0.14 89
ADCP2 Surface All 0.10 6.25
Neap 0.10 6.25

Spring 0.08 5.0

Bottom All 0.08 5.0

Neap 0.07 44

Spring 0.08 5

4.1. Salinity

Salinity variations over a tidal cycle follow an
expected pattern over both the shoals and the
channel, with salinity increasing during flood
and decreasing during ebb. Weak vertical salinity
gradients were found during neap tide for the
first 3.6 h (day 14.25 to 14.4 of April) of sampling.
This was representative of the end of ebb-early
flood, with values ranging from 0 g/kg at the sur-
face to a max of 2 g/kg at depth in the main
channel (Figures 4a-4c). Increased vertical salin-
ity gradients when found at the end of flood
(time 14.4 to 14.5), when salinity increased rap-
idly from 2 to 7 g/kg throughout most of the
water column (Figures 4a-4c). Overall, during

neap tide the water column was weakly stratified across the estuary during flood tide and was fully mixed
(fresh) during ebb. Similar results were found for salinity during spring tide, but with an increase in the max-
imum values at each sampling location (e.g., maximum salinity for spring tide was 10 g/kg in the main chan-

nel; Figures 4d-4f).

The bottom 2 m of each flood-tide profile indicated decreased salinities relative to the surface. This could
be caused by reduced conductivity from increased suspended sediment concentration. During slack tides

(especially on neaps) in the Gironde, the settling of suspe

nded sediments leads to the formation of a high

concentration layer near the bed (i.e., a layer of fluid mud) [Dyer, 1986]. This layer of fluid mud can inter-
fere with the instruments capability to correctly measure conductivity [Le Hir et al., 2000; Sottolichio,
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Figure 4. Time series of salinity profiles (g/kg) during neap tide at (a) the western shoal, (b) the main channel, and (c) the eastern shoal. The black line at the top of each subplot depicts
the water surface while the black line at the bottom depicts the approximate location of the bottom. (d-f) Same as Figures 4a—4c, but during spring tide.
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1999]. Another potential cause of the salinity reduction can be explained by sediment-induced stratifica-
tion in the turbidity maximum zone, which has been found to occur in highly turbid systems [Geyer, 1993;
Talke et al., 2009; Becker and Winter, 2016]. In particular, the TMZ retains low salinity water as higher
salinity water is advected over [Becker and Winter, 2016]. In the current work, suspended sediment
concentrations were not collected and so the instruments were not calibrated to quantify these concen-
trations. The bottom 2 m of each profile was hence removed because of the unknown cause of the near-
bottom salinity decrease.

4.2. Tide Propagation

Water level variations at Pauillac showed increasing tidal asymmetry (flood dominance) from neap (12-14
April) to spring (19-22 April) tides (Figure 2b). The D2 harmonic and its first overtides, D4 and D6, were
investigated in order to quantify the extent of the nonlinearities. From neap to spring tide the amplitude of
the D2 harmonic increased nearly 1 m (from 1.75 to 2.68 m), while the phase changed negligibly (from 66°
to 61°). This increase in tidal amplitude lead to a subsequent increase in tidal asymmetry from neap to
spring tide, which could be compounded with an increase in river discharge (Figure 2a). In particular, the
tidal nonlinearity ratios (phases) varied from D4/D2 = 0.03 (2D2-D4 = 88°) and D6/D2 = 0.04 (3D2-D6 = 59°)
to D4/D2 = 0.12 (2D2-D4 = 11°) and D6/D2 = 0.07 3D2-D6 = 89°) from neap to spring tide, respectively. For
neap tides, the amplitude and phase of the M2 harmonic were 1.75 m and 66°, respectively. The tidal non-
linearity ratios were M4/M2 = 0.03 and M6/M2 = 0.04 with respective phases of 2M2-M4 = 88° and 3M2-
M6 = 59°. For spring tides, the M2 amplitude and phase was 2.68 m and 61°, respectively. The nonlinearity
ratios were M4/M2 = 0.12 and M6/M2 = 0.07 with phases of 2M2-M4 = 11° and 3M2-M6 = 89°. The phase
calculations (2D2-D4 =88° and 11° from neap and spring tides) indicate that the Gironde is a flood-
dominant system, as expected [Allen et al., 1980; Friedrichs and Aubrey, 1988]. The larger amplitude ratios
during spring tides indicate that the tidal wave becomes more asymmetric as the water level increases. The
elevated D6/D2 amplitude ratio suggests that quadratic friction increases during spring tides. The effect of
tidal nonlinearities on transverse subtidal flow is discussed next.

4.3. Neap Tide

Neap tide (14 April) subtidal circulation and tidal species amplitudes (D2, D4, and D6) were quantified at
the mid-reaches of the estuary for both along and cross-channel flows. Along-channel subtidal flow was
laterally sheared showing complex cross-channel patterns (Figure 5a). The along-channel flow showed
outflow in the main channel (0.5-1.25 km; >0.5 m/s), at the confluence of the central shoal and Saintonge
Channel (2.2-2.6 km; ~0.25 m/s) and at the eastern edge of the Saintonge Channel (3.75-4.75 km;
~0.15 m/s) (Figure 5a). Weak inflow (-0.2 m/s) was found to be laterally sheared next to regions of strong
outflow (>0.5 m/s). In particular, inflow was —0.15 m/s from 1.6 to 2.2 km and —0.25 m/s from 2.6 to
3.75 km. Cross-channel subtidal flow ranged from approximately —0.1 to 0.1 m/s over the channel width
(Figure 5b). Since the subtidal cross-channel flows are ~20% of the along-channel subtidal flow, both
components will be considered when calculating the amplitudes of the tidal bands D2, D4, and D6. Semi-
diurnal tidal current amplitude showed strongest velocities in the main channel (0.5-1.8 km; >2 m/s) and
on the eastern side of the estuary (3.5-4.75 km; ~1.8 m/s) (Figure 5c). D2 current amplitudes decreased
over the sharp bathymetric changes in the middle of the estuary that formed the central shoal (from 1.5
to 2.3 km).

In order to determine the effect of nonlinearities on the transverse variations of subtidal flow, the duration
of flood and ebb tide and the amplitudes of the D4 and D6 tidal bands were compared to that of the
squared and cubed D2 amplitude, respectively. The duration of flood and ebb tide were calculated as the
total number of hours that the tidal flow was directed out-estuary (ebb duration) and into the estuary (flood
duration). During neap tides, the main channel (0.5-1.5 km) and the central shoal (2.1-2.4 km) were flood
dominant while the estuary was ebb-dominant elsewhere (Figure 6a).

Cross-channel locations with elevated D4/D2? ratios are observed where the estuary is flood dominant and
exhibits subtidal outflow (Figures 6a and 6b). Elevated D4/D2? ratios (>0.2) are in the main channel (0.5-
1.3 km), at the confluence of the central shoal and the Saintonge Channel (2.2-2.75 km), and at the eastern
edge of the Saintonge Channel (4-4.3 km) (Figure 6b). Lowest values of D4/D2? (close to 0) were found
where the subtidal flow was landward (1.5-2 and 2.8-3.8 km) and the estuary was ebb dominant.
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Figure 5. (a) Along-channel subtidal velocity (m/s) during neap tide calculated from the least squares fit analysis. The x axis depicts cross-
channel location with x = 0.5 being the western portion of the main channel and x = 4.5 being the eastern side of the estuary (Saintonge
Channel). Outflow is depicted by negative values. (b) Same as Figure 5a but for cross-channel subtidal velocity. (c) The amplitude of the
semidiurnal (D2) tidal band during neap tide.

The largest D6/D23 ratio was observed in regions with negligible or small subtidal flow and weak D4/D22
ratios (<0.1) indicating that in these areas energy from D2 is passed to D6 through quadratic friction
instead of to D4 (Figure 6c). For example, D6/D2> reached ~0.5 over the center shoal (particularly at the
shallowest region, at 1.5 km). In the Saintonge Channel (2.8-3.8 km), the D6 to D2 ratio was >0.25 in
regions of subtidal inflow (Figure 6c). Comparing the D4/D2? and D6/D2? ratios to subtidal flows indicate
that transverse distributions of tidal nonlinearities produce lateral variations of subtidal flow during
neap tide.

One method to determine if the nonlinearities are generated by internal asymmetries or barotropic asym-
metries is to investigate the phase of the D4 amplitude over the water column. If the D4 internal overtide is
present, its phase will vary by approximately 180° over the water column due to zero vertically integrated
transport throughout the tidal cycle [Jay and Musiak, 1996; Jay and Kukulka, 2003]. A phase shift of 180°
over the water column is found in D4 between 2.3 and 2.8 and 3.3-3.6 km (Figures 6d and 6e). The 180°
phase shift that occurs from the central shoal to the Saintonge Channel (2.3-2.8 km) is in the same cross-
channel location as the largest D4/D2? ratio (>0.3; Figure 6b), indicating that tidal nonlinearities are likely
linked to internal asymmetry in this section of the channel. The phase of D6 is also shown for completeness,
however, internal asymmetry is generally considered to cause quadratic nonlinearities in the vertical
momentum and therefore is only expected to generate even overtides and a mean flow [Jay and Musiak,
1996]. These findings are now compared to spring tides.
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Figure 6. Neap tide (a) flood and ebb duration in hours with respect to cross-channel distance (x axis). Ratio of (b) D4/D2? current velocity amplitudes and (c) D6/D23 current velocity
amplitudes for neap tides with respect to cross-channel location. (d) Maximum vertical phase change difference from D4 and D6 with respect to cross-channel location. Phase of (e) D4
and (f) D6 with respect to cross-channel location.

4.4. Spring Tide

Spring tide (20 April) subtidal circulation and tidal species amplitudes and phases were compared to those
of neap tide. The subtidal flow pattern was similar to that of neap tide, but was overall much weaker (reach-
ing ~0.4 m/s during neap and only ~0.1 m/s during spring tide) and subtidal outflow was found to domi-
nate across the estuary (Figures 5a and 7a). The strongest along-channel subtidal flows were found on the
eastern side of the main channel (1.3-1.5 km; >50 cm/s), in the center shoal (1.8-2.75 km; ~25 cm/s), and
in the Saintonge Channel (4.4-4.9 km; ~30 cm/s), and in all cases were directed seaward (Figure 7a). Only
three regions of subtidal inflow were found in the along-channel subtidal flow. These were on the western
side of the main channel (0.75-1 km and from mid water column to the bottom), over the central shoal
(1.6-1.8 km), and in Saintonge Channel (2.6-2.4 km) (Figure 7a). Subtidal cross-channel flow reached
—0.15 m/s near the surface in the Saintonge Channel (Figure 5b). The cross-channel subtidal flow was pri-
marily directed toward Saintonge Channel (to the east, Figure 1). The eastward lateral subtidal flows could
be caused by increased river discharge during spring tides combined with curvature effects and Coriolis
acceleration.

The semidiurnal tidal current amplitude was strongest in the Saintonge Channel (3.5-4.75 km; ~2 m/s). Fur-
ther, the D2 amplitude diminished at locations with shallowest depths, namely between 1.5 and 2 and 3.2
and 3.4 km but also in the main channel between 0.75 and 1.2 km (Figure 7c). Excessive turbidity on the
western portion of the main channel hindered collection of ADCP data during the spring tide sampling
(estimated that ~6% of the total flow was lost). This channel portion could not be included in the analysis.

During spring tide generation of the D4 and D6 harmonics was more pronounced than during neap tide
(Figure 8). The channel displayed flood dominance (ebb duration exceeded that of flood) over the entire
channel cross-section (Figure 8a.). The D4/D2? ratio showed highest values (~0.5 s/m) in the main channel
where the difference between flood and ebb duration was most pronounced (0.75-1.75 km; Figures 8a and
8b). Other cross-channel locations where D4/D2? >0 were the central shoal (2.75-3.4 km; ~0.3) and the
Saintonge Channel (4-4.8 km; ~0.25) (Figure 8b). During neap tides, the cross-channel sections with highest
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Figure 7. Same as Figure 5 but for spring tides.

D4/D2? ratios coincided with sites of along-channel subtidal outflow (Figure 6b), however, there was no
such pattern during spring tides (Figure 8b). The D6/D2 ratio showed values >0 in the main channel (from
0.75 to 1 km), in the Saintonge Channel (from 3 to 5 km), and largest values (~0.45) over the central shoal
(from 1.5 to 2.5 km) (Figure 8c).

The phase change over the water column was investigated for the D4 overtide to determine if its genera-
tion mechanism was internal asymmetry or tidal asymmetries. The few cross-channel locations showing a
180° phase shift over the water column for the D4 overtide did not occur concurrently with locations where
D4/D2? > 0 (Figures 8b, 8d and 8e). This indicates that the D4 overtide was generated by tidal asymmetries
rather than internal asymmetries during spring tides. To verify that the tidal nonlinearities found in the
ADCP transect data are found in longer time series, the moored ADCP data (ADCP,,,) is now investigated.

4.5. Moorings: ADCP,,,

Tidal nonlinearities were also examined with ADCP,,, to complement the findings from the ADCP transects
(Figure 9). For ease of data processing and visualization, the velocities are shown in sigma-coordinates for
depth, where 0 is the surface and —1 is the location of the first ADCP,,, bin (1.54 m above the bottom). The
amplitude of the D2, D4, and D6 tidal species as well as the nonlinearity ratios, D4/D2 and D6/D2 were cal-
culated for both neap and spring tides. The amplitude of D4 (maximum of 0.28 m/s at the surface) was
larger than D6 (maximum of 0.14 m/s) throughout the water column during neap tide (Figure 9b). The
amplitude of D2 ranged from ~1.5 m/s at the surface (z/H=0) and decreased monotonically to 1.2 m/s at
the location of the first ADCP bin (z/H=—1) (Figure 9c). The D4/D2 ratio was larger than the D6/D2 ratio
over the water column during neap tide (Figure 9b) and the phase of both D4 and D6 remained constant
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Figure 8. Same as Figure 6 but during spring tides.

throughout the water column (not shown). The residual (subtidal) flow was quantified at the mooring loca-
tion for both the along and cross-channel velocities. The along-channel subtidal flow showed residual
outflow throughout the water column reaching nearly 0.5 m/s at the surface. The cross-channel flow
was directed westward, or toward the main channel, throughout the water column with velocities reaching
~-0.2 m/s at the surface (Figure 9d). The ADCP transect data from neap tide shows largest D4/D2” ratios in
locations of subtidal outflow (Figure 5b). The ADCP,,, data verify these results as it also show elevated D4/
D2 ratios where the subtidal flow is directed seaward (Figures 9b and 9d). The phase shift of D4 over the
water column was found to be negligible in the ADCP,,, data (not shown) indicating that internal tidal asym-
metry is not the only generating mechanism for D4 during neap tide.

During spring tide there was an increase in tidal currents and tidal nonlinearities (Figure 9e). The amplitude
of D6 was larger than D4 from the surface (z/H=0) to z/H= ~-0.8 where D4 then surpassed D6 (Figure 9f).
In addition, the ratio of D4/D2 was comparable to that of D6/D2. The phase of D4 and D6 showed negligible
phase change throughout the water column (not shown). Along-channel subtidal outflow reached ~0.6 m/
s at the surface decreasing to ~0.1 m/s near bottom. The cross-channel subtidal flow reached ~-0.1 m/s at
the surface decreasing to ~0 m/s near bottom.

From the analysis of the ADCP transects and the ADCP,,, moorings, it is clear that tidal nonlinearities influ-
ence subtidal dynamics at the mid-reaches of the Gironde. The neap tide ADCP transects indicate that inter-
nal asymmetries generate D4 at certain cross-channel locations. This was identified from a 180° phase shift
of the D4 current amplitude over the water column (Figures 6d and 6e). No such phase shift was found in
D4 in the ADCP,, data, indicating that internal asymmetry is not the only mechanism generating D4 during
neap tide. To further examine the role of baroclinic effects, a Tidal Froude Number was used to compare
tidal advective accelerations and baroclinicity as mechanisms generating the subtidal flow.

4.6. Tidal Froude Number
A Tidal Froude Number (Fr,; equation (4)) was first calculated across the estuary to determine the relative
importance of baroclinic pressure gradients and tidal advective accelerations on the subtidal flow during
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Figure 9. (a) ADCP,, along-channel velocity depicted with sigma coordinates (z/H=0 is the surface and z/H=—1 is the first ADCP bin above the bottom) during the neap tide sampling,
(b) the D4 and D6 current velocity amplitude calculated using the least squares fit method and the ratios of D4 and D6 the D2 velocity amplitude. The units on the x axis for the ampli-
tude of D4 and D6 are m/s and are shown in brackets, while the ratios D4/D2 and D6/D2 are given as relative amplitudes. (c) The D2 velocity amplitude. (d) The along-channel and cross-
channel residual flow. (e-h) Same as Figures 9a-9d but for spring tide.

neap and spring tides. Remarkably, Fr, values were almost identical during both neap and spring tides
(1.25 < log 19(Fro) < 2), suggesting that the influence of the advective accelerations versus baroclinicity
does not change significantly throughout the spring/neap cycle (Figure 10a). This indicates that tidal
advective accelerations are a driver of subtidal flow during both spring and neap tides. To further sub-
stantiate this claim, the Tidal Froude Number was calculated with the reduced gravity derived from verti-
cal salinity profiles (Figures 10b-10d). This analysis also showed that tidal advective accelerations
dominated over baroclinity during spring and neap tides and will be explored further in the discussion
section.

Both tidal advective accelerations and internal asymmetry have been found to generate subtidal flows,
through the introduction of the D4 tidal species, during neap tides, with different mechanisms dominating
across the estuary. Spring tide subtidal flows are also generated by advective accelerations. Quadratic fric-
tion is known to generate overtides in estuaries with strong tidal currents and has not yet been explored.
Numerical model simulations with varying friction values will now be discussed to determine if quadratic
friction also drives subtidal flows.

4.7. Model

Subtidal flow from the ADCP transects was compared to numerical model runs forced by rivers and tide
conditions similar to those during data collection. The tidal range at Pauillac during the spring tide model
run was 5 m (from —2 to 3 m; Figures 1 and 11e) and the river discharge prescribed was ~1300 m/s, repre-
senting actual river discharge values on 20-21 April 2015 (spring tide measurement period for combined
Garonne and Dordogne Rivers). Tidal range during the neap tide sampling was 3.5 m (from —1.25 to
2.25 m) at Pauillac (Figure 11f) and the river discharge value used in the model run was ~700 m>/s, or actual
river discharge on 13-14 April 2015 (neap tide measurement period for combined Garonne and Dordogne
Rivers).
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Figure 10. (a)Tidal Froude Number for neap and spring tide. Black line depicts neap tide, and the red line depicts spring tide. Results indi-
cate that advection is almost 2 orders of magnitude greater than baroclinicity. The reduced gravity for Figure 10a was calculated from hor-
izontal density contrasts. The main contributors to the Tidal Froude Number, U2 (blue bars) and (g'H) (red bars) at each of the three CTD
profile locations (west, middle, and east) during (b) neap and (c) spring tides. The reduced gravity for Figures 10b and 10c was calculated
with vertical salinity profiles. (d) Tidal Froude Number values at each of the CTD profile locations calculated with tidal advective accelera-
tions, Ug and baroclinicity, (g'H) values from Figures 10b and 10c for both neap (red bars) and spring (blue bars) tides.

Subtidal flow and overtide amplitudes from the model simulations indicated that tidal nonlinearities drove
subtidal flow (D4 and D6 overtide amplitudes >0.1 m/s for spring and neap tides), yet the model simula-
tions underestimated subtidal flows when compared to data (Figures 5 and 11). In particular, model results
showed subtidal outflow in the main channel, the central shoal (1.5-2.75 km) and in the Saintonge Channel
(3.5-4.5 km) for both neap and spring tides (Figures 11a and 11¢, respectively). Maximum subtidal flows for
neap and spring tides occurred in the main channel reaching ~0.1 and ~0.3 m/s, respectively (Figures 11a
and 11¢).
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Figure 11. Results from the Telemac 3D numerical model simulation. Positive values depict outflow. (a) Along-channel residual flow during
neap tide (m/s), (b) depth-averaged D4 (red line) and D6 (black line) current velocity amplitude during neap tide. (c and d) Same as Figures
11a and 11b but for spring tide. Tidal range during (e) spring and (f) neap tides.

Depth-averaged D4 and D6 current amplitudes were calculated from the neap and spring tide numerical
experiments (Figures 11b and 11d, respectively). Amplitudes of both overtides were ~0.1 m/s for both D4
and D6 during neap tide (Figure 11b), and both increased (D4: ~0.27 m/s; D6: ~0.19 m/s) during spring tide
(Figure 11d). The neap tide numerically simulated overtide amplitudes (D4 and D6) underestimated (by
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~35%) the overtide amplitudes derived from the ADCP transect data (Table 1). During spring tide, the D4
amplitude from the model and the transect data were comparable (0.26 m/s from the data and 0.27 m/s
from the model). However, the D6 amplitude was underestimated (24%) by the model simulation. These
results imply that during neap tide there could be other nonlinear terms generating the subtidal flow and
overtides other than quadratic friction and a mean flow (river). In fact, internal asymmetry was found to
generate D4 during neap tide in the ADCP transect data, and as density gradients were not included in the
model simulations, this could be the cause. Other factors that could contribute to this underestimation are
model error through the friction coefficients, inaccurate model bathymetry, or spatial resolution. Further,
some error could result from the short ADCP data set and/or ungaged river flow from small tributaries, or
from wind-induced circulation. During spring tide, quadratic friction combined with mean flow can explain
the D4 generation, but D6 must solely be caused by increasing quadratic friction. This will be explored fur-
ther in section 5.

5. Discussion

The goals of this study are to determine if transverse distributions of tidal nonlinearities produce lateral var-
iations of subtidal flow and to explore if this changes from neap to spring tides. Results showed that the
intensity of tidal nonlinearities varied across the channel producing lateral variations of subtidal flow during
both neap and spring tides. The following section will discuss the generating mechanisms of the overtide
bands D4 and D6 and how they vary across the channel and from neap to spring tide.

5.1. Neap Tide

During neap tide, D4 was generated by internal asymmetry (Figures 6a, 6b, 6d, and 6e) and tidal advec-
tive accelerations (Figure 10). The estuary was flood dominant (longer duration ebb) and showed ele-
vated D4/D2? ratios in cross-channel locations coinciding with subtidal outflow (Figures 6a and 6b). The
ratio D4/D2 derived from water level measurements at Pauillac was small (0.031 during neap tide as
opposed to 0.12 during spring tide) indicating that the D4 overtide in the current velocity was internally
generated rather than barotropically generated in these cross-channel locations. The regions of flood
dominance and elevated D4 amplitude were also a result of tidal advective accelerations.

During neap tide, internal asymmetry generated D4 in the current velocity, however, the Tidal Froude Num-
ber analysis indicated that advection was more influential than baroclinicity across the estuary. The limited
spatial resolution (three stations) of the salinity and temperature profiles is a plausible explanation for why
baroclinicity was not found to dominate in the cross-channel locations where internal asymmetries were
shown to generate D4. The two analyses indicate that, during neap tides, both tidal advective accelerations
and internal asymmetry generate D4 and subtidal flows at the mid-reaches of the Gironde.

The D6/D23 ratio was comparable to the D4/D2? ratio during neap tides (Figure 6 and Table 3). Quadratic
friction is known to be the main contributor to D6 generation, yet when combined with river flow can also
generate D4. However, as river flow increases, there is a subsequent decrease in D6 generation [Parker,
1991]. Alternately, a strong Stokes drift return flow could mimic river flow and produce D4 [Moftakhari et al.,
2016]. To test whether this mechanism produced D4 in the Gironde, the Stokes drift transport was approxi-
mated in one dimension as Qstokes ~ 0.5Up2Zp2€0s (pyp, — P ;) (following Moftakhari et al. [2016] adapted
from Longuet-Higgins [1969]). Here Qgokes is the Lagrangian Stokes drift, Up, is the D2 tidal velocity ampli-
tude, Zp; is the D2 tidal height amplitude, ¢, is the phase of the tidal velocity, and ¢y, is the phase of
the tidal height. It was found that Qsokes Never exceeded 0.1% of the river discharge (not shown), indicating

that Stokes drift return flow was not responsi-

ble for generating D4 in the Gironde during

Table 3. Sectional Mean of Depth-Averaged D4 and D6 Velocity neap or spring tide.
Amplitude for Neap and Spring Tides

Sectional Mean Depth Averaged 5.2. Spring Tide

(Transects) (m/s) (Moorings) (m/s) The nonlinear mechanisms driving overtide
Harmonic Neap Spring Neap SPIiNg generation and subtidal flow changed from
D2 124 1.16 1.45 1.97 neap to spring tide. River discharge values
D4 0.15 0.26 0.24 0.26

were higher during the spring tide measure-

D6 0.16 0.25 0.12 0.28 i 3
ment period (~600 m>/s greater than neap
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tide), resulting in flood dominance across the estuary (Figure 8a) and stronger subtidal outflow than neap
tide (Figures 2, 5, and 7). This was verified by a depth average of the subtidal flow (Figure 12a) and
was expected due to the flood dominance across the estuary width (Figure 8a), larger river discharge
(Figure 2a) and Tidal Froude Number indicating that tidal advective accelerations dominated over barocli-
nicity (Figures 10). Therefore, D4 was generated by advective accelerations rather than baroclinicity. Fur-
ther, phase shifts of D4 were scarcely 180° (only in the Saintonge Channel between 4.25 and 4.7 km and
in the Central Shoal at 1.75 km) and did not correspond to elevated D4/D2? ratios. This indicates that
internal asymmetry did not generate D4 during spring tides, as would be expected due to increased tidal
mixing.

Both D4 and D6 were larger during spring tides than neap but remained comparable (~0.25 m/s) (Figures
12b and 12c and Table 3). Stronger tidal velocities during spring tide increased quadratic friction and hence
elevated the D6 amplitude (Figure 12¢). However, river discharge was higher during spring tide than neap,
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Figure 12. (a) Depth-averaged residual flow from measurements for neap and spring tides (cm/s) with respect to cross-channel location
(x axis). The black line depicts results from neap tide and the blue line depicts results from spring tide. Negative values denote outflow
and positive values denote inflow. (b) The depth-averaged D4 (black line) and D6 (blue line) amplitudes for neap tide with respect to
cross-channel location. (c) Same as Figure 12b but for spring tide.

ROSS ET AL.

SUBTIDAL FLOW IN A MACROTIDAL ESTUARY 7669



@AGU Journal of Geophysical Research: Oceans

10.1002/2016JC012504

Main Channel Center Shoal Saintonge Channel
€ 2 :
£ 4} 3
o
QO bF 4

8 J
(a)l 1 1 1 1 1 1 1 1
05 1 15 2 25 3 35 4 45
_ 04 B T ] T T | ] | 1 Dl6 ]
= D4
E 03 I
=
S 02f |
o S SN ———
£ 01
< 0 (b) 1 1 1 1 L 1 1 1 1
05 1 15 2 25 3 35 4 45

Depth [m]

w
S~
E
()]
©
s |
2
a
=
< D (d) 1 1 1 1 1 1 1 1 1
05 1 15 2 25 3 35 4 45

Distance [km]

m/s
03

0.2
0.1
0
0.1
0.2

m/s

Figure 13. Results from the Telemac 3D numerical model simulation with reduced friction values along the estuary. Positive values depict
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tude during neap tide. (c and d) Same as Figures 13a and 13b but for spring tide. This figure shows that reduced friction strengthens resid-

ual flow and increases the amplitude of D4

during spring tides.

indicating that D4 could also be generated by the combination of quadratic friction and mean flow. In addi-
tion, the D4/D2 ratio derived from the water level during spring tide was 0.12 indicating that D4 could be
generated by barotropic nonlinearities derived from the terms 9({u)/9x and (ulul.
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In summary, during spring tides, D4 was likely generated by a combination of tidal advective accelerations
(found through an elevated Tidal Froude Number) and water level variations (found from flood dominance
of the estuary, Figure 8a). Although the influence of quadratic friction combined with mean flow could also
contribute to D4 during spring tides, this was not quantifiable with the current data set. The D6 amplitude
increased from neap to spring tide due to increased quadratic friction, but remained comparable to D4. The
role of friction on D4 and D6 generation is explored further with numerical simulations.

5.3. Spring/Neap Variation in Subtidal Flow

A numerical experiment was performed with prescribed reduced friction in the Telemac model (Figure 13).
The goal was to determine how changing bottom friction would alter the subtidal flow pattern and D4 and
D6 amplitudes. The Strickler Bottom Friction coefficient (which is a reciprocal of Manning’s n) was reduced
by a constant value of 10 along the estuary. Results showed that reducing friction allowed for larger subtidal
flows (than the case with increased friction, Figure 11) and for D4 to exceed D6 during spring tide (D4:
~0.35 m/s; D6: ~0.2 m/s; Figure 13b). This implied that increased friction allowed more transfer of nonli-
nearities to the D6 and less to the residual flows during spring tide. The strong influence of the D6 harmonic
has been documented in literature, but the analyses are limited to time series analysis or along-channel var-
jations of the D6 overtide rather than cross-channel [Godin, 1999; Blanton et al., 2002; Gallo and Vinzon,
2005; Valle-Levinson et al., 2007].

This study revealed that the D6 overtide band was comparable to D4 during neap and spring tides in a mac-
rotidal estuary (Figure 12). In portions of the estuarine cross-section where density gradients were strong,
internal asymmetry generated the D4 harmonic and the subtidal flow was reinforced (Figure 6). During
neap tide, river discharge was relatively small for the Gironde and density gradients contributed to the sub-
tidal flows producing cross-channel sections of subtidal inflow and outflow. In turn, when river discharge
increased during spring tides, density stratification migrated downstream of the sampling site. Therefore,
baroclinic pressure gradients could take on a more prominent role in the subtidal flow dynamics down-
stream. This downstream shift in baroclinicity explains why internal asymmetries were not found in D4 dur-
ing spring tide and rather, subtidal outflow was prominent across the channel. This work implies that tidal
nonlinearities and their effects on subtidal flow can vary across estuary and have fortnightly temporal
variability.

The cross-channel variation of overtides, such as D4 and D6, should be considered in more detail in relation
to sediment transport in the Gironde and other similar systems. In particular, the Gironde is known for its
well-developed turbidity maximum zone and exceptionally complex sediment dynamics [Sottolichio et al.,
2011]. Flood dominance in estuaries, and hence tidal asymmetries, cause sediment transport and deposition
inside the basin [Allen et al., 1980; Friedrichs and Aubrey, 1988; Blanton et al., 2002]. Ridderinkhof [1997] found
that D6 can influence bed load and suspended load transport when the net transport due to D2 interacting
with D4 is negligible. But it remains that the links between sediment trapping and higher overtides like D6
[Ridderinkhof, 1997] and cross-channel variations in D4 have not been studied extensively and warrant fur-
ther investigation.

6. Conclusions

Lateral variability of tidal nonlinearities and subtidal flow was investigated at the mid-reaches of the
Gironde Estuary. Transverse distributions of tidal nonlinearities (quarter-diurnal and sixth-diurnal bands)
were found to produce lateral variations of subtidal flows during neap and spring tides. During neap tide,
subtidal flow was laterally sheared at multiple locations across the estuary while subtidal outflow domi-
nated during spring tide. During neap tide, elevated D4/D2 ratios were found in cross-channel locations of
subtidal outflow and flood dominance, which was found to be generated by internal asymmetry and tidal
advective accelerations. The sixth-diurnal harmonic band (D6) was found in regions of subtidal inflow and
where D4/D2? ratios were negligible, indicating that in these cross-channel locations energy was transferred
from D2 to D6 by quadratic friction. During spring tide, both river discharge and tidal currents increased,
subtidal flows were directed out-estuary throughout the estuarine cross-section and overtide amplitudes
increased relative to neap tide. Internal asymmetry did not generate D4 due to the increased tidal currents
in spring tides. Rather, tidal advective accelerations and water level variations generated D4. The D6 ampli-
tude was comparable to D4 during spring tide and was largest in areas of negligible subtidal flow (same as
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neap tide). This was attributed to increased tidal flows producing enhanced quadratic friction and hence
generating D6. This study reveals that cross-channel variations of tidal nonlinearities in a macrotidal estuary
can affect the lateral structure of subtidal flow, and that this influence differs from neap to spring tides. Fur-
ther studies will include lateral variability of subtidal flow at locations further downstream in order to deter-
mine whether forcing mechanisms change longitudinally in the estuary.
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