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Abstract Remotely sensed images document the occurrence of multiple packets of internal solitary
waves (ISWs) in the Rhine River plume at the same time. We use a combination of field observations, and
non-hydrostatic and hydrostatic modeling to understand the processes that lead to the generation and
retention of multiple ISW packets within the Rhine plume. Previous numerical modeling shows that the
tidal plume front is trapped in the mid-field plume for more than one tidal cycle due to tidal straining
and recirculation within the plume, resulting in the presence of multiple fronts in the near-and mid-
field plume regions. In this work, we show how variations in the strength of these fronts can lead to the
release of ISW packets. We conclude that the retention of the fronts in the mid-field region of the plume
and modulation in the strength of the fronts can explain the presence of multiple ISW packets. A frontal
Froude number analysis shows that fronts generated during the previous ebb tide can release ISWs in
addition to the newly released tidal plume front.

Plain Language Summary Rivers release large amounts of freshwater into the coastal ocean
forming a river plume. Each ebb tide a tidal plume front is formed within the river plume. A front relates
to large horizontal density differences, separating river and sea water. Some studies have shown that these
fronts can release internal waves, which are waves that propagate horizontally between different layers of
density. These waves are an important mechanism of transporting and mixing the river water further into
the ocean. In this study, we observed multiple internal wave packets propagating ahead of the Rhine River
tidal plume front. Our results showed that multiple tidal plume fronts were kept within the river plume
by the tidal currents, generating a multi-frontal system. Both the current and previously released tidal
plume fronts release internal waves, explaining the multiple internal wave packets. This is the first known
observation of the release of internal waves by a front generated on a previous tidal cycle.

1. Introduction

Internal solitary waves (ISWs) are nonlinear-dispersive waves that propagate in stratified waters (Ostrovsky
& Stepanyants, 1989), which support vertical and horizontal transport of nutrients, phytoplankton, and fine
sediment (Bogucki et al., 1997; Da Silva et al., 2002; Klymak & Moum, 2003; Sandstrom & Elliott, 1984). Sev-
eral different ISW generation mechanisms have been observed; the most common being the nonlinear-dis-
persive evolution of internal waves generated by the tidal flow of stratified fluid over topography (Farmer &
Armi, 1999; Maxworthy, 1979; Pietrzak et al., 1990). More recently, some novel ISW generation mechanisms
have been observed, including generation by river plumes (Li & Pawlowicz, 2018; Nash & Moum, 2005;
Osadchiey, 2018), intrusion fronts (Bourgault et al., 2016), and bottom gravity currents (Xie et al., 2017).

At a river mouth, the release of freshwater on every ebb tide results in a pulsed discharge forming tidal
plumes bounded by distinct tidal plume fronts, which are sharp transitions in density formed by conver-
gence with the ambient water (Garvine & Monk, 1974). Tidal plume fronts are important in the near-field
plume because they interact strongly with the ambient water, influencing vertical mixing and changing
local water properties (Garvine & Monk, 1974; Jay et al., 2009; Kilcher & Nash, 2010; Luketina & Imberg-
er, 1987). Hetland (2005) showed the importance of the processes in the near-field plume for the downstream
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Figure 1. Copernicus Sentinel-2 optical image with a spatial resolution of 10-60 m. (a) Satellite image of the south-
eastern North Sea in the vicinity of the Rhine River mouth taken on May 4, 2016 during neap tide with wind speeds <

5 m/s coming from the south. The black dot indicates the mooring site at 18 m depth. (b) inset of the internal solitary
wave (ISW) bands shown by the dotted box in panel (a). Four ISW trains are highlighted by color and letter. The satellite
image is Copernicus Sentinel-2 data.

evolution of river plumes. Nash and Moum (2005) observed the generation and fission of ISWs from the
Columbia River plume after the front speed (u_ f) transitioned from super to subcritical relative to the am-
bient long wave speed (c,;u; < c¢,). This process was corroborated by numerical modeling (Stashchuk &
Vlasenko, 2009). Similar results for gravity currents with linear background stratification were observed in
laboratory experiments (Maxworthy et al., 2002).

Pan and Jay (20092) found that front-generated ISWs impact plume dynamics by dissipating as much as 70%
of the total frontal energy. Furthermore, the generation of ISWs at tidal plume fronts has a profound impact
on coastal ecosystems (Hickey et al., 2010; Orton & Jay, 2005; Pan & Jay, 2009a). Despite their importance,
knowledge of tidal plume front generated ISWs is limited, particularly in shallow systems where ISWs can
generate large near bed velocities and bed shear stresses, which may result in sediment mobilization and
resuspension (Aghsaee & Boegman, 2015).

The Copernicus Sentinel-2 optical image in Figure 1 documents the presence of the tidal plume front within
the near- and mid-field regions of the Rhine River plume. Remarkably this satellite image shows four ISW
packets within the mid-field plume (Figure 1 inset). This contrasts with other systems such as the Columbia
River plume in which only one band of ISWs is typically observed (Jay et al., 2009; Nash & Moum, 2005;
Pan et al., 2007, 2009). In the Columbia River plume and other similar systems, the ISWs are generated by
the tidal plume front; they propagate away from the river mouth and generally escape the near-field plume
region on each tide.

The Rhine River plume or region of freshwater influence (ROF]I) is a shallow, tide-dominated system. The
Rhine River flows into the southern North Sea with a yearly mean discharge of about 2,300 m’/s forming a
20-40 km wide river plume that extends 100 km along the Dutch coast (de Kok, 1996; de Ruijter et al., 1992;
Simpson et al., 1993). This coastal area is shallow with maximum water depths of about 25-30 m. The com-
bination of a progressive tide, a shallow shelf, and stratification result in a highly frictional system, which is
dominated by counter-rotating tidal currents that generate cross-shore tidal straining (de Boer et al., 2008;
Simpson & Souza, 1995).

The strength of tidal straining in coastal systems is quantified by the Stokes number (Stk), which estimates
the relative importance of friction and inertia in a tidal flow (Baumert & Radach, 1992; Burchard & Het-

)
land, 2010; Prandle, 1982; Souza, 2013; Winant, 2007) and is defined as Stk = Z’ the ratio of the bottom
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boundary layer height 6 to the water depth 4. The mechanisms associated with cross-shore tidal straining
and the relationship to Stk are discussed in detail in Flores et al. 2020. Tidal straining is a defining dynami-
cal feature of the Rhine plume. It generates strong shear and mixing, impacts the ecosystem, and influences
patterns in coastal turbidity (Flores et al., 2020; Huthnance, 1997; Joordens et al., 2001).

Distinct tidal plume fronts have been observed to form at the Rhine River mouth (Hessner et al., 2001; van
Alphen et al., 1988). An analysis of data from an extensive field campaign (Rijnsburger et al., 2018) showed
that these fronts share similarities with gravity currents and other tidal plume fronts (Benjamin, 1968; Brit-
ter & Simpson, 1978; Garvine & Monk, 1974; Kilcher & Nash, 2010; Luketina & Imberger, 1987), such as
a plunging head and intrinsic frontal speed. Model predictions find that turbulence is elevated at the tidal
plume front (Fischer et al., 2009), which then influences coastal mixing and transport. Rhine plume fronts
have been shown to propagate toward the coast, increase bed stresses and generate a cross-shore exchange
flow causing offshore sediment transport (Flores et al., 2017, 2020; Horner-Devine et al., 2017; Rijnsburger
et al., 2018).

Recently, Rijnsburger, Flores, Pietrzak, Horner-Devine, et al. (2021) showed that tidal plume fronts from
the Rhine are trapped in the mid-field plume region for more than one tidal cycle by a combination of tidal
straining, advection, and a strong anti-cyclonic surface re-circulation. The tidal plume front is released from
the river mouth after ebb, initially advected offshore by tidal straining, and then advected northwards on
the flood by strong tidal currents. It is then carried shorewards into shallow coastal waters by cross-shore
tidal straining, before being advected southwards toward the newly forming tidal plume front on the ebb.
In the Rhine system, Rijnsburger, Flores, Pietrzak, Horner-Devine, et al. (2021) found that tidal advection is
typically greater than the frontal propagation speed. Consequently, the surface recirculation keeps the tidal
plume fronts within a distance of 15-20 km from the river mouth resulting in a multi-frontal system (e.g.,
Figure 1).

In their simulations, Rijnsburger, Flores, Pietrzak, Horner-Devine, et al. (2021) observed that the frontal
Froude number decreased as the front was carried northward with the flood tide and then increased during
the transition from flood to ebb tide. They suggest that the re-strengthening is the result of cross-shore tidal
straining, which peaks during the flood-ebb transition (de Boer et al., 2008). We also note here that the fron-
tal re-strengthening observed at the ebb-flood transition occurs when the front is propagating shoreward
into shallower water. This may also contribute to an increase in the frontal Froude number as observed
by Solodoch et al. (2020). The present study builds on the work of Rijnsburger, Flores, Pietrzak, Horner-
Devine, et al. (2021), testing whether the variations in frontal strength can explain the observations of
multiple ISW packets (Figure 1)

Long internal waves (2.5-5 km wavelength) have been observed at the mouth of the Rotterdam Waterway
(van Alphen et al., 1988). However, no field observations have previously reported front-generated ISWs in
the Rhine ROFI, despite several extensive field campaigns (van Alphen et al., 1988; Joordens et al., 2001;
Simpson et al., 1993; Simpson & Souza, 1995). Strong mixing from wind, tidally driven bed stresses, and
internal shear from tidal straining were thought to preclude their generation. In addition, most field studies
were carried out 30-70 km downstream in the far-field plume (Huthnance, 1997; Rijnsburger et al., 2016;
Simpson & Souza, 1995) where tidal straining is known to dominate.

In this study, we demonstrate that tidal plume fronts in a high Stokes number river plume can generate
multiple ISW packets. We use field data, together with non-hydrostatic and hydrostatic numerical model
data to investigate the processes responsible for their generation. In Section 2, the methods are presented.
In Section 3, we sequentially present the analysis of the satellite image of ISWs (Figure 1 and Section 3.1),
in-situ data (Flores et al., 2017, 2018; Horner-Devine et al., 2017; Rijnsburger et al., 2018), an idealized
two-dimensional non-hydrostatic model (Section 3.3) and a realistic three-dimensional hydrostatic model
(Section 3.4 and 3.5). We then discuss the generation mechanism of the different ISW packets. In Section 4,
we explore how the Rhine ROFI ISWs differ from other tidal plume systems, such as the Columbia River
plume and conclude the study with Section 5.
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2. Methods

2.1. Observations

Field measurements were conducted during fall 2014 within the Rhine River plume as part of the STRAINS
II campaign (Stratification Impacts Near-shore Sediment) (Flores et al., 2017, 2018; Rijnsburger et al., 2018).
Here, we focus on data from a mooring site 10 km northeast of the river mouth and 6 km offshore, at a depth
of 18 m (Figure 1, black dot). The mooring consisted of an upward-looking four beam RDI Workhorse
acoustic doppler current profiler (ADCP) with a sampling frequency of 1 Hz and vertical bins of 0.25 m. We
applied a running average of 30 s with steps of 10 s to the ADCP data to filter out surface waves. In addition,
four Seabird Microcat conductivity temperature depth (CTD) instruments were at depths of 1, 2.5, 10, and
15 m below the surface with sampling periods between 20 and 50 s.

Since the CTD data did not have the spatial or temporal resolution to fully resolve the ISWs we reconstruct-
ed the isopycnals using the vertical velocity measured by the ADCP, resulting in an estimation of wave am-
plitude and period. The ADCP acoustic backscatter signal is used to verify these reconstructed isopycnals.
In addition, we used the velocity data to estimate wave direction. First, we applied a highpass Butterworth
filter with a filter time of 45 min to remove the background flow. Then, wave direction was estimated using
the filtering method of Mirshak and Kelley (2009) around the core of the internal wave signal. The high
frequency data was rotated in the estimated wave direction to obtain wave velocities.

The speed and direction of the freshwater front was obtained by using the acoustic backscatter signal of the
ADCP data (Li & Pawlowicz, 2018; Mirshak & Kelley, 2009; Scotti et al., 2005). First, a cross-correlation was
applied to the intensity signal of the ADCP data to obtain the time lag (6T, ;) between the different beams.
Second, the speed (CP) and direction (9) of the front was related to this time lag by
X; .cos(6 - B ;
O, j = ———— O-hs) )
Cp

where i, j refer to the different beams, and X, ; and f; ; are the horizontal distances and angles between
beams i and j. We shifted the obtained time lag by +2 seconds to estimate the sensitivity of the calculation
to the time lag, and therefore the possible increase and decrease in frontal speed.

2.2. Non-Hydrostatic Numerical Model

Two-dimensional non-hydrostatic simulations were carried out with the Internal Gravity Wave mod-
el (Lamb, 1994, 2007). This model solves the fully nonlinear, non-hydrostatic Boussinesq equations. The
numerical scheme uses a second-order Godunov upwind scheme with a monotonized slope computation
which provides selective numerical dissipation and diffusion near sharp gradients. This damps energy ac-
cumulation at small scales. We used a constant water depth of 18 m with vertical and horizontal reso-
lutions of 0.09 and 1 m, respectively. Rotational effects were included using the f-plane approximation
with £ =1.15-107* s~ The model was initialized with a density field based on the field-data and the front
is driven by a prescribed vertically sheared inflow with lighter near-surface water (Figure 2). The inflow
consisted of a vertically uniform current u, and a surface current .. The uniform current was included to
eliminate the formation of overturns at the inflow (left) boundary and did not have a physical meaning. The
inflow was increased linearly over 1,200 s. Results were plotted in a reference frame moving with speed .
The in-flowing surface current behind the front was u; ~ 0.23 m/s, and the uniform current was u, ~ 1.12
m/s. This model set-up did not include tidal currents and bottom friction.

2.3. Hydrostatic Numerical Model

We used the three-dimensional hydrostatic numerical flow-model Delft3D to obtain spatial fields of den-
sity and currents for the period of the field campaign (e.g., Deltares, 2014; Stelling & Van Kester, 1994).
The model covered the entire southern North Sea by using four grids with increasing horizontal resolu-
tion toward the coast, with coastal area grid cells of about 80-500 m and 80-400 m in the cross shore and
alongshore directions. The model had 20 non-equidistant sigma-layers in the vertical with smaller cells
near the surface and the bottom. It was forced by water levels constructed from 50 tidal constituents at the
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Figure 2. Non-hydrostatic model set-up based on mooring data at day 277 (October 4, 2014 around 10:43). (a) Profiles
of initial density (gray line) and inflow density (black line). (b) Profiles of initial current (gray) and inflow current

(black). The current is plotted in a reference frame moving with a vertically uniform current u, (u — u,). Corresponding
field-data has been plotted for both the density (circles) and velocity (dashed line), where black is behind the front and
gray is ahead of the front (in ambient). «, ,, and u, , refer to the depth averaged ambient current in the model and data,

respectively.

boundaries, space- and time-varying meteorological fields, and time-varying discharges for 85 rivers among
which the Meuse and Rhine Rivers are the most important. Additionally, realistic bathymetry was used, and
the model was initialized with uniform salinity and temperature values of 34.5 psu and 11°C, respectively
(Suijlen & Duin, 2002).

Passive tracers, similar to dye injection, were added to the model to follow the freshwater outflow and tidal
plume front. Each tracer patch was released between 2 h before and 2 h after low water with an initial con-
centration of 1 kg/m?. The timing of low water was determined using the dominant M2 tidal constituent.

As Delft3D is a hydrostatic numerical model it cannot simulate ISWs but does capture the fronts. This is in
agreement with Ralston et al. (2017) who showed that a hydrostatic numerical model can be used to resolve
sharp gradients when horizontal and temporal resolution is sufficient. Validation of the model demonstrat-
ed that it captures tidal, wind, and buoyancy-driven flow, including tidal plume fronts (Rijnsburger, Flores,
Pietrzak, Horner-Devine, et al., 2021).

3. Results

Herein, we first present both the satellite image (Section 3.1) and in-situ measurements (Section 3.2) that
demonstrate the presence of multiple ISWs in the plume mid-field. An example in-situ observed tidal plume
front and its associated ISWs are selected for a detailed analysis. We then present the results of two- and
three-dimensional numerical studies to further interpret the observations. First idealized two-dimension-
al non-hydrostatic numerical simulations are used to illustrate the mechanism for the generation of the
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ISWs (Section 3.3). ISWs can only propagate ahead of the front of the frontal Froude number is subcritical.
Finally, a three-dimensional hydrostatic model is used to study the tidal plume fronts, and the evolution
of Froude numbers in time and space (Section 3.4 and 3.5). Based on these results, a mechanism for the
formation of multiple ISW packets is proposed.

3.1. Satellite Observations of Internal Solitary Waves

We investigated whether the multiple ISW packets observed in Figure 1 could have been generated by the
same tidal plume front. The Copernicus Sentinel-2 data in Figure 1 has a spatial resolution between 10 and
60 m. The image shows the presence of multiple fronts (white thin lines), not all of which are associated
with ISW packets. Four ISW packets and the tidal plume front are highlighted in the satellite image (Fig-
ure 1), where packet A seemed to be released by the front with a distance of 0.65 km to the leading wave.
Figure 1 shows that the front is approximately 5.8 km from the river mouth. Figure 1 also shows packets B,
C, and D that are approximately 4.2, 8.6, and 10.3 km from the front.

In previous work, we found that fronts in the Rhine ROFI have an average propagation speed of approx-
imately 0.8 m/s relative to the ground (Rijnsburger et al., 2018). Using that value as an estimate of the
propagation speed of the tidal plume front in Figure 1, we estimated that the tidal plume front, labeled in
Figure 1b, had traveled for 2 h since it was released from the mouth. Therefore, for the ISW packets in Fig-
ure 1 to have been released from the tidal plume front, this must-have happened within 2 h. Additionally,
these waves should have a larger speed than the tidal plume front.

Based on Nash and Moum (2005) we assumed that the ISWs propagate 0.1-0.15 m/s faster than the front.
Using these speeds, a first order approximation suggests that packets A, B, C, and D are 1.2-1.8, 8-12, 16-24,
and 19-29 h ahead of the front, respectively. These calculations do not take into account possible changes
in speed during a tidal cycle.

The estimated travel times indicated that it is unlikely that ISW packets B, C, and D were generated by
the tidal plume front highlighted in Figure 1. These packets could only be released from the current tidal
plume front if they propagated much faster than the front (i.e., >0.15 m/s): for packet B we would need
an ISW propagation speed of at least 0.6 m/s and at least twice that again for the other packets. As the es-
timated travel times of packets C and D were larger than 12 h, they were likely generated on the previous
tidal cycle. Based on this analysis, we concluded that packets A, B, C, and D must have been generated by
different fronts, although the satellite image does not show obvious fronts related to all the ISW packets. In
the following sections, we used in-situ observations and numerical modeling to investigate this process in
more detail.

3.2. In-Situ Observations of Internal Solitary Waves

Over an 18-day period, we observed 17 frontal events with ISWs at the mooring site, of which only 10
showed pronounced ISW signals (Figure 3). Of these 10 pronounced events, five were observed during low
energy conditions, that is, neap tide and a relatively low wind speed directed offshore or southwards (Fig-
ure 3). The other five events occurred during variable wind and tide conditions, resulting in different strati-
fication and frontal behavior (Rijnsburger et al., 2018). It is possible that ISWs generated at the tidal plume
front did not reach the mooring site under all conditions and that under certain wind and tide conditions
ISWs were either not generated or were quickly destroyed.

ISW events commenced between 5 and 70 min before and within 5 min after frontal passage. The first
observed wave was marked by an X, and a differentiation was made between before and after the front
(Figure 3b). This definition resulted in a maximum of two X's per frontal event (Figure 3b). Waves appeared

more often before the front than after (Figures 3b and 3c). The event-averaged top to bottom density differ-
ence Ap in the ambient waters was about 3 + 1 kg/m?, while within the plume it was 6 + 1 kg/m>. Ap ahead

of the front was quite variable (Figures 3b and 3c), indicating a wide range of background conditions.

We focused on one frontal event, day 277.44 (black triangle in Figure 3b) when a 70 min period of ISWs was
observed before frontal passage (Figure 4). The presence of the waves and the freshwater front was captured
in the acoustic backscatter (Figure 4a). The event had clear downwelling and upwelling at the frontal head
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Figure 3. Internal solitary waves (ISW) events at the 18 m mooring site. (a) Wind vectors (m/s). Spring, neap, and storm periods are highlighted above the
panel. The direction of the coastline is also indicated. (b) Density difference (color, bottom-top) over 6 h commencing at low water slack for the entire period in
days of year (¢ = 0 is slack water). The black dots indicate the arrival of the fronts, the black X is the first observed ISW ahead of the front and the gray X is the
first ISW behind the front. Note that the X only indicates the first wave observed ahead or behind the front. The black triangle indicates the example plotted in
Figure 4c. Density difference and number of ISW events (gray bars) versus minutes relative to the front in bins of 5 min. The black line is the density difference
averaged over the 10 tidal cycles (gray dotted lines) where ISWs were observed (see panel b). The histogram shows the start time of the internal wave event
relative to the front and the occurrence during the campaign.

as expected for gravity currents (Britter & Simpson, 1978), and an estimated frontal speed of 0.76 m/s. Only
a small density difference was observed at front arrival (Figure 4b, time indicated by the rightmost dot at
the top of panel a). In addition, the front normal velocity highlighted the presence of the plume, which had
increased surface velocities compared to the ambient waters ahead and below. Many ISWs of depression are
present (Figure 4).

Figures 4e-4g zooms in on three ISWs for which we estimated amplitudes between 2 and 3.5 m (crest to
trough), and periods of 3.5, 2.5, and 2 min, respectively. The ISW induced currents (Figures 4e-4g) were
obtained using the filtered velocity data (Section 2.1). They showed periods of convergence at the leading
edge and divergence at the trailing edge of the ISWs, resulting in downwelling and upwelling, respectively
(Figures 4d-4g). In addition, there are oppositely directed surface and bottom currents. Notably, the ISWs
45-70 min before the front (09:25-10:00) had a longer period than the waves between 0 and 45 min before
the front (10:00-10:45) (Figure 4, dot 1 and dot 2 at the top of panel a). In addition, the front normal velocity
suggested that a small change in pycnocline depth occurred at approximately 10:00 (Figure 4c, the light red
band starting at 15 and 16 m, respectively). No large change in surface density was observed at this time
(Figure 4b).

Internal wave packets are generally formed by the nonlinear dispersive evolution of a disturbance (Helfrich
& Melville, 2006). The propagation speed of ISWs increases with wave amplitude. Therefore, these waves
typically evolve into a rank-ordered packet of ISWs with gradually decreasing amplitude from the front to
the back of the packet. However, an abrupt change in the properties of the waves was observed at around
10:00 (Figure 4). The waves before 10:00 appeared to be rank-ordered larger period ISWs, while after 10:00
the waves appeared to be smaller amplitude, more sinusoidal, and smaller period waves that are not clearly
rank-ordered. Therefore, the data suggested that two different wave packets, with different properties, were
observed. This appeared to have some similarities with the satellite image (Figure 1). Two other events dis-
played similar behavior with abrupt changes in ISW properties before the front arrival. Each of these events
had a corresponding change in the pycnocline depth, and no large change in surface density (days 262.48
and 266.57, not shown here).

In the following sub-sections, we use numerical modeling to shed light on the observations and based on
this suggest a mechanism for the formation of multiple ISW packets.
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Figure 4. Internal solitary waves example on day 277 (October 4, 2014). (a) Acoustic backscatter signal from the
acoustic Doppler current profiler at the mooring site (b) Density at three different heights in the water column, —1 m,
—2.5m, and —15 m. (c) Front normal velocity (m/s), where positive values indicate flow in the direction of frontal
propagation. (d) Vertical velocity w (m/s), where upward is positive. (e)—(g) represent three internal wave events of

5 min, where color represents acoustic backscatter. White lines are reconstructed isopycnals, velocity vectors represent
the wave-induced currents. The gray dots represent (1) 10:00 and (2) 10:43 arrival of the tidal plume front.

3.3. Non-Hydrostatic Numerical Model Simulations

We carried out non-hydrostatic numerical model simulations to obtain further evidence that the tidal plume
front is able to release ISWs as suggested by the field data. Given the complexity of the region, the analysis
used an idealized two-dimensional simulation based on the in-situ density observations (Figure 2). We plot-
ted the density, horizontal and vertical velocity at two moments in time, 45 and 90 min after initialization
(Figure 5). We observed similarities with the field-data (Figures 2 and 4). A clear surface front was formed
that thinned during propagation (Figure 5). At the same moment, a strong vertical shear of the horizontal
velocity formed, with the bottom and surface currents in opposite directions. The vertical velocity showed
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Figure 5. Non-hydrostatic model results of frontally forced internal solitary waves at two different times. (a) and (b)
Density, (c) and (d) Horizontal velocity, (e) and (f) Vertical velocity. The results are plotted in a reference frame moving
with background current u,. The first column represents 45 min (a, c, e), and the second column 90 min (b, d, f) after
initialization.

downwelling followed by upwelling at the tip of the front as observed in the field-data. One difference with
the field-data was that the idealized model seemed to form a thinner front.

In the simulation, ISWs were continually emitted from the front and propagated ahead of it. The first two
ISWs had amplitudes of ~3 and 2.5 m (maximum isopycnal displacement). The larger leading ISW was
generated as the inflow commenced and was likely an artifact of the startup procedure. Relative to the fluid
ahead of it, the front propagated with a speed of about 0.23 m/s, and the first and second ISWs had propa-
gation speeds of about 0.35 and 0.34 m/s, respectively. The propagation speed of about 0.12 m/s relative to
the front agrees well with the estimate of 0.1-0.15 m/s estimated in Section 3.1. Excluding the leading ISW,
the trailing ISWs were separated by about 60 m with a period of ~3 min. Behind the front, there were much
shorter periods and smaller amplitude oscillations. This idealized simulation showed that the tidal plume
front is able to generate ISWs, supporting the field-data.

The Rhine ROFI contains background shear due to the counter rotating tidal currents. These tidal currents
have not been taken into account in the idealized non-hydrostatic model, which was only forced by the
density data. Adding such a sheared background current will change the result of the idealized numerical
model, although we expect that it will mainly change the properties of the ISWs and the propagation speed
of the front as shown by Pan and Jay (2009b). We still expect to observe the generation of ISW packets as
suggested by the field-data. Additionally, the idealized simulation was based on the tidal plume front ob-
served in the field-data (Figure 4, dot 2). The horizontal density gradient at the surface was roughly 2 kg/
m’® (Figure 2), suggesting that fronts do not need a large horizontal density gradient to release ISWs. The
Froude number associated with the front is an important parameter for determining whether or not ISWs
can be released to propagate ahead of it. This is explored in the next subsection.
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3.4. Frontal Froude Number

Previous studies have demonstrated that tidal plume fronts can release ISWs if a frontal Froude number
criterion is met (Nash & Moum, 2005; Stashchuk & Vlasenko, 2009). Therefore, we estimated the linear
longwave phase speed ahead of the front (c,), which is the ISW propagation speed in the limit of zero wave
amplitude. To do this we used the Taylor Goldstein (TG) equation with observed 5 min averaged density and
velocity profiles (Platell, 2019). A hyperbolic tangent fit was applied to the scarce density data to obtain a
continuous density profile. We chose a hyperbolic tangent fit because of the good agreement in the Rotter-
dam Waterway (Pietrzak et al., 1990). The linear longwave phase speed ahead of the front was estimated as
0.81 m/s relative to the ground, and therefore exceeded the frontal speed. This resulted in a frontal Froude
number, F = u, / ¢, <1, that is, subcritical flow similar to Nash and Moum (2005). This result suggested
that the front was able to release ISWs.

A 3D hydrostatic numerical model (Delft3D) was used to simulate the tidal plume fronts and estimate the
temporal and along front variations of the frontal Froude number in order to identify locations where ISW
packets might be released. Comparison of the field-data and the numerical model at the mooring station
showed a good correspondence between the front normal velocity and the surface and near bottom den-
sity (Figures 4b and 4c and Figure 6). The vertical profiles of density supported the hyperbolic tangent fit
on the field-data (Figures 6¢-6f). We used the model to follow the tidal plume front in time and space,
from the river mouth to the mooring station, and defined a front trajectory (see Figure 7). We identified
the front using the horizontal density gradient and selected a point on the front that we then followed
moving with the front normal velocity (Figure 7a, gray dots). We used the horizontal density gradient to
verify that we were successfully tracking the front. We calculated Froude numbers on the front trajectory as
F =(u, —u,)/ (c, — it;), where u, is the surface velocity, c, the linear phase speed ahead of the front, and

u, the depth mean current ahead of the front.

We followed three locations of the tidal plume front (Figures 7a and 7d), identified by the gray dots, for four
to six hours. All three tidal plume front trajectories showed a transition from supercritical to subcritical flow
(dark to light green, Figures 7a and 7d). Trajectory II transitioned first around 09:24 followed by I around
10:00 and IIT around 11:16, suggesting that the release of ISWs from the tidal plume front had occurred.
In addition, this result suggested that the properties of the tidal plume front changed along the front and
consequently were able to release ISWs at different moments in time.

3.5. Mechanism Explaining Multiple ISW Packets

The field-data from day 277 suggested the presence of two different ISW packets due to an abrupt change in
wave period and pycnocline depth around 10:00. We used the hydrostatic model to understand what process
is responsible. One possibility is the generation by a front other than the current tidal plume front; however,
the hydrostatic model did not show a clear surface density gradient propagating through the mooring site
around this time. The horizontal density gradients did, however, show the presence of multiple fronts at
other locations (Figure 7a).

We followed the tidal plume front (FO and F2) released the previous day at two locations (gray dots) to ob-
serve their trajectory in time and space (Figure 8). Tracer concentrations of the corresponding ebb releases
separated the previous from the new tidal plume front (Figures 8e-8j). The front trajectories at the locations
of the gray dots (gray lines) showed that these fronts were still visible at the end of the ebb tide when a new
front (F1) had already formed (Figures 8c and 8d).

The two tracer concentrations clearly explained some of the fronts visible in the density gradient, such as
the current tidal plume front (F1) and the previous tidal plume front (two parts of which are labeled FO and
F2). We used the model to trace front F2 and calculated the Froude number along the trajectory (trajectory
IV; Figures 7b and 7e). Trajectory IV showed a transition from super-to subcritical around 07:56, roughly
after 9.5 h, which suggests that this front can release an ISW based on the theory of Nash and Moum (2005).

As previously presented, an abrupt change in ISW properties was observed around 10:00 (Figure 4). We
expected to observe a front propagating through the measurement site at that moment in time, but the hori-
zontal density gradient did not show this in the field- and hydrostatic model data. However, the hydrostatic
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Figure 6. Time series of (a) Density and (b) Front normal velocity of the hydrostatic numerical model (HS) around the
location of the mooring station. The gray dashed lines correspond to the four density profiles over depth in panels (c-f),
where the black line is the HS model data, the gray circles the field-data and the gray dashed line the fit to the field-
data. The number 1 corresponds to the change in water properties around 10:00 and number 2 to the arrival of the tidal
plume front around 10:36-10:43.

model did show a clear horizontal density gradient at 3-4 m below the sea surface (Figures 6 and 7), sug-
gesting the presence of a front at depth (F3). Therefore, we investigated this front in more detail, followed
its trajectory, and calculated Froude numbers. The density profiles showed that after 10:00 the fresh upper
layer thickened from roughly 3-4 m below the sea surface, coinciding with an increased pycnocline depth
observed in the field-data (Figure 6). This thicker layer formed a horizontal density gradient at 3-4 m below
the sea surface (layer five in the model) that moved toward the mooring station (Figure 7c). This front was
difficult to follow, and we only managed to follow it close to the mooring station for 2 h where the Froude
number remained subcritical (Figure 7f). A transition from super-to subcritical was not observed, but the
front was subcritical suggesting ISWs could be released.

RIJNSBURGER ET AL.

11 of 17



Ay
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2020JC016575

04/10 07:24 04/10 07:16 04/10 09:32 Oplos

surface | [b surface | |c layer 5 (kg/msg

0.4

X (km) x (km) x (km)

Figure 7. Spatial fields of the horizontal density gradient and Froude numbers predicted by the hydrostatic numerical model for day 277.4 (October 4, 2014).
(a—c) horizontal density gradient at the surface layer or the fifth layer. The gray dots are the location of the fronts at a given moment in time and correspond

to the different front trajectories in the panels beneath. The fronts are labeled F1-F3. Panel b represents a front that has already propagated for some time, its
trajectory beforehand is indicated with the dotted gray line. (d-f) Front trajectories in time and space where color indicates the Froude number. The trajectories
correspond to the dots in (a-c). The numbers indicate the duration of the trajectory in hours (hrs). The x and y axes are displayed in the Dutch national
coordinate system (Rijksdriehoek coordinates).

4. Discussion

In this study, we observed multiple internal wave packets propagating ahead of the Rhine River tidal plume
front in both in-situ data and satellite imagery. Both hydrostatic and non-hydrostatic models were used
to explore their generation mechanism. On day 277.44, we observed two distinct packets of waves, with
longer period waves between 09.25 and 10:00 preceding shorter period waves between 10:00 and 10:42 (Fig-
ures 4e-4h). Different front trajectories indicated that the ISW packets were generated by different fronts,
as the horizontal density gradient showed a multi-frontal system (Figure 7). Using the hydrostatic model,
we estimated the expected arrival time of an ISW released by each of these trajectories and compared these
with the observed ISW packets. This resulted in a figure that summarizes the information obtained from
these two data sources and illustrates the possible generation mechanism (Figure 9).

Trajectories I-11I are related to the same tidal plume front, which is labeled as F1 (Figures 7 and 8). Trajecto-
ry I transitioned about 2 km from the mooring station, with an average . of 0.9 m/s and c, of 0.93 m/s. This
would lead to a predicted arrival time of an ISW around 10:30 and the front around 10:35 (Figure 9a). An
ISW released by trajectory II would be predicted to arrive around 10:40 at the mooring site (about4 km, ¢, =
0.95 m/s), while an ISW released by trajectory III would not reach the mooring site. These estimates suggest
that the shorter period waves (packet 2) were likely released by the new tidal plume front F1 (Figure 9a).

An ISW released by trajectory IV, which was related to the previous tidal plume front F2, would be predicted
to arrive around 09:20 at the mooring station (about 2.6 km, ¢, ~0.88 m/s). The corresponding front will ar-
rive 10-15 min later. If we assume that an ISW was released at the start of trajectory V, it would arrive at the
mooring roughly between 09:56 and 10:04. The longer period waves in the observations (packet 1) were ob-
served between 09:32 and 10:00, suggesting that the trapped front F2 (trajectory IV) theoretically could have
released these ISWs (Figure 9a). It should be noted that we used the linear long wave phase speeds (c,), cal-
culated with the Taylor Goldstein equation, to estimate ISW propagation speed and arrival time.

These simple calculations suggest that both the new and the previous tidal plume front released internal
waves, explaining the observed multiple internal wave packets (Figure 9b). The in-situ data only captured
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Figure 8. Trapping of tidal plume fronts using the hydrostatic model. (a) Tidal cycle showing the location of each panel in time. Plan view of absolute value of
the horizontal density gradient (b)~(d), and tracer concentrations (kg/m?) in the surface layer of two freshwater releases (October 3, 2014 and October 4, 2014),
referred to as concentration ebb 1 (e)-(g) and ebb 2 (h)—(j). Each column is at a fixed time. The vectors represent surface velocity (m/s). The black dot indicates
the mooring site. FO refers to the tidal plume front formed on 03/10/2014, F1 refers to the front formed on October 4, 2014, and F2 refers to a front related to the
release on 03/10/2014. The gray dots (b)-(g) mark locations on fronts FO and F2. The trajectories of these points, moving normally to the front, are shown by
the lines, where solid is front FO and dotted is front F2. The small gray dot (e)-(g) refers to the starting point of the trajectory back in time. The x and y axes are
displayed in the Dutch national coordinate system (Rijksdriehoek coordinates).

two ISW packets, while four packets were visible on the satellite image. These observations are not con-
tradictory as the data were from different days. In the satellite image, Packet A was generated by the new
tidal plume front, while packet B was likely generated by a previous tidal plume front. Packets C and D
were likely released by a previous tidal plume front during the current tidal cycle in the same manner as
packet B. However, the simplified calculation in Section 3.1 suggested that these two packets could have
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Figure 9. Summary of the evolution of the fronts and internal solitary waves (ISWs) in time. (a) Location of front

and ISWs in time and space, where the black triangle and stars represent the information from the field-data, and

the lines represent the information obtained from the hydrostatic model. The black triangle is the location of the

tidal plume front, and the stars are the location of the ISW packets (1 and 2). The solid lines represent the location of
front F1 (dark gray), front F2 (middle gray), and front F3 (light gray) in time, while the dashed line is the estimated
location of released ISWs. The area inbetween is shaded. The gray dots refer to the location, where the Froude number
transitioned to F < 1, indicating the release of ISWs. The location of the front and ISW in the model (lines) are based on
the trajectories I-V (T.I-T.V; Figure 7) (b) Schematic of the release of multiple ISW packets due to the trapping of tidal
plume fronts.

been released on the previous tidal cycle as well. Clarification on the source of four concurrent ISW packets
requires further research.

Front-generated ISWs have been observed in other river plume systems, such as the Columbia River plume
(Nash & Moum, 2005). However, a key difference between the Rhine and the Columbia River plume is the
number of observed ISW packets. In the Rhine River plume multiple ISW packets were observed, while in
the Columbia River plume only one ISW packet per tidal cycle has been observed (Jay et al., 2009; Nash &
Moum, 2005; Pan et al., 2007). This difference is due to the presence of multiple fronts in the Rhine River
plume. Tidal plume fronts are kept within the mid-field for more than one tidal cycle as a result of the
elliptical tidal currents and the presence of tidal straining (Rijnsburger, Flores, Pietrzak, Horner-Devine,
et al., 2021). This difference can be captured by the variation in the Stokes number, which is large in the
Rhine River plume (>1) indicating that the bottom boundary layer extends to the water surface. The oc-
currence of large Stokes numbers means that there is strong tidal mixing, in contrast to systems like the
Columbia and the Mississippi. The presence of this large mixing intuitively suggests that the presence of
the internal waves would be suppressed, however, the mixing is not strong enough to remove the freshwater
stratification and it allows for the formation of counter rotating tidal currents, which drives tidal straining
and the trapping of the fronts (Rijnsburger, Flores, Pietrzak, Horner-Devine, et al., 2021; Flores et al., 2020)
may be responsible for the maintenance of multiple IWS packets.

The contrasting magnitude of the ratio of the intrinsic frontal speeds and ambient tidal currents also ex-
plains the variation in dynamic between the two systems. In the Rhine, u; / u, = 0.5 /1 ~ 0.5(de Kok, 1997;
Rijnsburger et al., 2018), indicating that the newly released tidal plume front is controlled by tidal ad-
vection. In contrast, frontal propagation dominates in the Columbia River plume, u; /u, ~ 0.6 /02 ~ 3
(Garcia Berdeal et al., 2002; Hickey et al, 1998, 2005; Kilcher & Nash, 2010). Finally, the difference in the
tidal regime may also explain why multiple packets have not been observed in the Columbia River plume.
The tides in the Columbia are mixed semidiurnal-diurnal, whereas the North Sea is strongly semidiurnal.
This suggests that the Rhine is able to generate strong fronts on successive ebbs, while for the Columbia
strong fronts will be generated 25 h apart. Multiple ISW packets are likely to occur in other frictional river
plume systems with semidiurnal tides, a large Stokes number, and where tidal advection dominates over
the intrinsic frontal speed.

Some studies have shown that tidal plume fronts play an important role in the dispersion and transport of
freshwater in coastal oceans (Hickey et al., 2010; Horner-Devine et al., 2015). The spreading of the tracers
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in Figure 8 suggested dispersion by the tidal plume fronts. These tracers showed that the spreading is de-
pendent on the tidal current. The spreading in the northeast direction (alongshore) was accelerated dur-
ing the flood but inhibited during the ebb. Other studies have shown that tidal plume fronts that release
ISWSs, further transport and mix river plume water into the ocean (Nash & Moum, 2005; Pan & Jay, 2009a).
Moreover, front generated ISWs are reported to change the plume dynamics and dissipate frontal energy
(Pan & Jay, 2009a). Therefore, we would expect that the ISWs generated in this system are important for
turbulence, dissipation, and transport as well. The ISWs in the Rhine River plume had a ratio of wave am-
plitude over water depth (77 / H) of 0.04-0.08, while this ratio was estimated to be roughly 20 / 60 ~ 0.33
to 8.5 /136 ~ 0.06 in the Columbia River plume (Nash & Moum, 2005; Pan et al., 2007; Pan & Jay, 2009a).
Pan and Jay (2009a) estimated that the fronts play an important role in dissipating energy from the tidal
plume front even for waves with an amplitude ratio as small as 0.06. This indicates that ISWs generated by
the Rhine front also likely play a role in dissipating energy from the fronts. Moreover, Pietrzak et al. (1991)
showed that small and short period internal waves can still be significant for the production of turbulent
kinetic energy in a sheared environment and should not be neglected.

5. Summary and Conclusions

Various data sources allowed us to document the presence of multiple ISW packets in the Rhine ROFI,
generated by different tidal plume fronts. Field-data showed the presence of ISWs ahead of the tidal plume
front. Non-hydrostatic numerical model simulations confirmed that the Rhine River plume can generate
ISWs. Analysis of a satellite image showed that the different ISW packets cannot all have been generated
by the same tidal plume front; instead, hydrostatic numerical modeling showed that tidal plume fronts are
sustained for longer than one tidal cycle in the mid-field river plume due to straining by the elliptical tidal
currents, leading to a multi-frontal system. A Froude number analysis demonstrated that both the new and
older tidal plume front are able to release ISWs. All the results together explained the formation of different
ISW packets observed in the in-situ data and satellite image. The presence of multiple tidal plume fronts
with associated ISW packets has not been observed before; however, multiple ISW packets likely occur in
other frictional river plume systems with semidiurnal tides, a large Stokes number, and where tidal advec-
tion dominates over the intrinsic frontal speed.

Tidal plume fronts and ISWs play an important role in the dispersion and transport of freshwater in coastal
oceans (Hickey et al., 2010; Horner-Devine et al., 2015; Pan & Jay, 2009a). Furthermore, the ISWs can play
an important role in the dissipation of tidal fronts and hence modify the plume dynamics. Therefore, it is
important to identify the presence of ISWs in river plumes.

Data Availability Statement

The field- and model data used in this study are published as a data set in the 4TU Center for Research Data
in the Netherlands (Rijnsburger, Flores, Pietrzak, Lamb, et al., 2021).
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