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Abstract :

The latest Intergovernmental Panel on Climate Change report of 2023 alerts about an increase in the
occurrence and intensity of extreme hydro-meteorological events such as storms and extreme river flows,
i.e. drought and floods. Investigating the occurrence of these extreme events in the past 15 years and
their impacts on sediment dynamics will provide crucial knowledge for anticipating future trajectories of
coastal ecosystems. Time series from in situ observations are analyzed to identify extreme events of river
flows and waves and examine their impact on Suspended Particulate Matter (SPM) dynamics in a highly
turbid coastal area equipped with a high frequency in situ monitoring station at the interface between the
Seine Estuary and the Bay of Seine (northern coast of France). Extreme river flow and wave orbital
velocity events are investigated because high river discharge contributes to deliver large amounts of SPM
concentration to the bay and strong wave action within the bay can lead to erosion and resuspension of
bottom sediments. An original detection method is proposed, based on high frequency in situ observations
combined with satellite and model data from 2006 to 2022. Extreme forcings are examined through their
specific characteristics (high intensity, long duration, season of occurrence, succession of events), their
impact on SPM concentration in the coastal environment and the comparison to mean seasonal dynamics.
A positive relationship exists between SPM concentration and high SPM spatial extent and forcing
intensity. Extremes are more intense in winter for both forcings and generate larger SPM concentration
anomalies. However, extreme events during late spring/summer, periods or mean low forcing intensity,
are demonstrated to generate SPM concentration anomalies up to 4 times larger than the monthly mean
value, hence possibly strongly impacting the system during these atypical periods. This is particularly
important as analyzing the distribution of extreme river flow events over the last 60 years indicated an
increase in their occurrence and more important the progressive occurrence of high intensity extreme
events during spring/summer periods.
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Highlights

» Time dependent climatologies are used to identify and characterize extreme events from forcings and
SPM concentration anomaly. » Extreme event impact is seasonally variable, but relatively as much
important in summer as in winter. » Extreme river flow event become more frequent over the last 60years
and their seasonality changed, with more events in spring over the last decades.
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1. Introduction

Global change is increasing extreme event occurrence and intensity in the ocean (IPCC,
2021 & 2023) such as marine heatwaves and cold spells (Simon et al., 2023) or storms and river
flows (Garner et al., 2015; Poppeschi et al., 2021) observed for example in the Bay of Biscay
and the English Channel. Extreme events are characterized by atypical high or low intensity
values, compared to a threshold. This threshold is often determined from statistical analysis and
can be fixed or time-varying depending on the target question. Although some extremes such
as marine heatwaves and their effects on coastal ecosystems are increasingly explored

(Izquierdo et al., 2022; Simon et al., 2023), others are less documented, such as extreme wave



and river flow events and their impact on Suspended Particulate Matter (SPM) concentration in

the land-sea interface.

However, sediment transport is a key process in estuarine and coastal ecosystem
dynamics. Rivers transport particles (and associated contaminants) which can be exported to
adjacent seas (Gangloff et al., 2017) or settle in low energy areas in estuarine and coastal
environments such as mudflats (Deloffre et al., 2006, Cheng et al., 2013) or river deltas (Dufois
et al., 2014). Estuaries are particular environments accumulating sediments in turbidity
maximum areas (Le Hir et al., 2001; Burchard et al., 2018; Grasso et al., 2018), that can be
flushed out toward the estuary mouth or adjacent bays during high river flow periods. Storms
induce large bed shear stress, larger than tidal-induced shear stress, erode bed sediments and
yield to high SPM concentration and control sediment fluxes in coastal areas and estuary
mouths (Fettweis et al., 2010; Nowacki and Ganju, 2018; Tang et al., 2019; Schulz et al., 2018;
Verney et al., 2024). Consequently, SPM dynamics affect physical habitat characteristics in
estuaries and coastal seas, and also drive their morphology at longer time scales (Grasso et al.,
2021). Cascading effects are also observed along the ecosystem, impacting primary production
(Cloern et al., 1987; Schallenberg and Burns, 2004; Poppeschi et al., 2022); water quality

(Cailleaud et al., 2007; Chen et al., 2019); and fish foraging behavior (Figueiredo et al., 2019).

Rare are the studies that examine specific events (e.g. storms, floods), which can be
intense but not necessarily exceptional, or “extreme”. Even rarer are those who examine the
occurrence of extreme meteorological or hydrological events on estuaries and coastal seas and
their consequences on sediment dynamics (Lettmann et al., 2009; Tavora et al., 2023; Fan et
al., 2023), and most of them focus on a single extreme event. Hence, most observations and

conclusions are event-based, and cannot be generalized to offer broader perspectives.



Extreme events are often short, intense, rare and stochastically distributed (McPhillips
et al., 2018), which make them difficult to be captured by weekly monitoring programs. The
motivation of this study consists in the implementation of an original methodological approach
to detect extreme river flow and wave events and examine the SPM dynamic through multiple
available data sets: in situ, model and satellite data. Here, we investigate the response of SPM
concentration (hereafter SPMC) to extreme events over 16 years (2006 - 2022) at the interface
between the Seine estuary and its adjacent bay to understand how extreme event characteristics
(intensity, duration, seasonality, succession of events) impact the SPM dynamics. Even if the
considered time series appear to be short, they can be used to analyze in detail the variability
of extreme events. Schlegel et al. (2019) for marine heatwaves mentioned that 10 years of data
can be enough to have the same similarities of extreme events than the usual 30 years of data.
A comparison is also made between the impact of extreme events and the impact of mean

seasonal forcings on SPM dynamics.

2. Data and methods

2.1 Description of the eastern part of the Bay of Seine

The Bay of Seine is located at the interface between the estuary of the Seine River and
the eastern part of the Bay of Seine, which is connected to the English Channel (Figure 1). It is
a shallow bay with a maximum depth of 30m and has an area of approximately 4000km?
(Aminot et al., 1997). The Bay of Seine is a semi-diurnal macrotidal environment (tidal range
up to 7m at Le Havre) with average tidal currents of 0.5 to 1m s (Salomon and Breton, 1991)

during spring tides. The Bay of Seine is connected to the Seine estuary, one of the largest



northwestern European estuaries, and driven by the Seine River with a flow rate between 100
and 2300m?® s (Schulz et al., 2018). Tides in the Bay of Seine play an important role in
sediment distribution by depositing mud from the shallow subtidal zone to the open estuary and
distributing sand, especially from the sandbanks at the mouth of the estuary (Lesourd et al.,
2003). The Seine estuary has an Estuarine Turbidity Maximum (ETM) located 10km upstream
of the mouth around Fatouville during normal river flow (Figure 1). During periods of high
river flow this ETM is flushed out to the mouth and during low river flow conditions it can
move upstream within the estuary (Grasso et al., 2018). The average cumulative sediment
supply from the Seine River is 725 10%ons per year (Grasso et al., 2018; Schulz et al., 2018)
and mainly during high river flow (Landemaine, 2016). The prevailing winds come from the
west-southwest with speeds that can exceed 8m s™. Surface waves mainly enter the bay from

the northwest (Schulz et al., 2018) with a wave orbital velocity that can exceed 0.7m s
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Figure 1: Bathymetry of the Bay of Seine. The pink circle indicates the COAST-HF Scenes buoy, the
orange triangle “Le Havre” tide gauge station, the purple square the “Cap de la Heve” weather station

and the red circle the ETM location at Fatouville.



2.2 Datasets

2.2.1 Forcings data

Daily river flows are measured at the Vernon gauging station located 200 km upstream of
the mouth, outside of the estuary tidal limit (1.477°E, 49.083°N - French hydrology database:
www.hydro.eaufrance.fr). We consider that the propagation time of the river flow to the mouth
is on average 5 days (Artelia, 2019). Over the considered period, from 2006 to 2022, river flows
vary from 40 to 2280m?® st with a maximum in late winter. Wind direction and intensity are
retrieved every hour from the meteorological station Cap de la Héve (Figure 1) from Météo-

France observation network (https://donneespubliques.meteofrance.fr).

Significant wave height (Hs) is often used to represent wave forcing. However, we have
chosen to consider the square of wave orbital velocity as a representative metric of wave forcing
because it is a better proxy for erosion processes (Soulsby et al., 1993). Hourly wave orbital
velocity data are available from WaveWatch3 model simulations (Rolland and Ardhuin, 2014)
through the MARC web portal (marc.ifremer.fr) and extracted at the nearest grid point of the
SCENES buoy.

Sea levels are provided at high and low tides by the Shom (http://data.shom.fr) at Le Havre

tide gauge station (Figure 1).

2.2.2 In situ SPMC data measured at the SCENES buoy



This study is based on high-frequency data measured by a moored coastal buoy called
SCENES, part of the French national observation network COAST-HF (Répécaud et al., 2019;
Farcy et al., 2019; Cocquempot et al., 2019) from the French national Research Infrastructure
ILICO (https://www.ir-ilico.fr/). SCENES has been deployed at the Seine estuary mouth since
2015 at 15m depth (Figure 1). The SCENES buoy monitors SPMC every 15min at the surface
(-2m below surface) and 30min at the bottom (+0.5m above bottom) using Wetlabs optical
turbidimeters. This dataset is fully described in Verney et al. (2024) and briefly reminded
hereafter. The optical measurements were converted to SPMC (g L?) using in situ water
samples. Before October 2017, SPM measurements were taken +1.5m over the bottom. After
this date, a Nortek AWAC Acoustic Doppler Current Profiler (ADCP) together with optical
measurements were used to evaluate SPMC at the bottom 1.5m above the bed. To analyze the
influence of wave and flow forcings, and because the tide contributes significantly to the
variability of the SPMC signal, SPMC anomalies are used. These anomalies correspond to the
difference between the raw signal and the mean intratidal high frequency signal (by tidal range
classes) for low wave activity (Hs<lm) and mean river discharge (Q=[300 500]m® s?)
conditions. Anomalies hence correspond to the SPMC high frequency signal filtered from the
tidal-induced influence (Refer to Verney et al., 2024, for detailed information). Raw SPMC
anomalies are reduced to tidal-percentile values (P50 and P90) to provide characteristic metrics

at the tidal scale.

2.2.3 Results of the hydro-sedimentary hindcast model (ARES archive)

The 3D "CurviSeine" model provides hourly SPMC in g L in the Seine estuary and its

bay (ARES project, Grasso et al., 2020; 2021) from 2006 to 2019. The model has 10 sigma

levels and a spatial resolution ranging from 4km offshore to 100m in the Seine estuary. This



model configuration couples a curvilinear primitive equation hydrodynamic model (MARS3D,
Lazure and Dumas, 2008) and a hydro-sedimentary model that takes into account advection,
erosion, deposition and consolidation processes of different sand/mud sediment classes
(MUSTANG, Le Hir et al., 2011; Grasso et al., 2015; Mengual et al., 2017), and is coupled
with a spectral wave model (WW3, Rolland and Ardhuin, 2014).

Model open boundary conditions are set hourly and derived i) for wave inputs from a WW3
regional model at 10 km resolution, ii) for temperature, salinity and tides from a regional (shelf-
scale) MARS3D configuration at 2.5km resolution (https://marc.ifremer.fr/, Grasso et al.,
2018) and for atmospheric forcings from the Météo-France AROME atmospheric model at
1.3km resolution (https://donneespubliques.meteofrance.fr). The temperature, salinity and
SPMC outputs from the model have been compared and validated with the PHRESQUES
measurement network (Grasso et al., 2020 - ARES report). Model data are considered for the
second vertical level from the bottom (k=2). We use validated model data in addition to
observation (Figure S1) to assess the overall behavior of the events for all years and seasons.
SPMC data from the model show a similar qualitative dynamic behavior as observations, while
overestimated compared to the buoy data (Figure S1). Similarly to in situ observations,
modelled SPMC data are represented by anomalies and reduced to percentile values (P50 and

P90) at the tidal scale.

2.2.4 Satellite data

L4 images from the SeaWiFS, MODIS and MERIS instruments are processed with the OC5
algorithm (Gohin, 2011) to explore the spatial extent of the surface sediment plume in the Bay
of Seine. Daily data are available from January 1™ 2006 to December 16" 2022 with a 1.1km

spatial resolution. L4 satellite data are compared with in situ data (Figure S2) and used to



observe the impact of extreme events on the spatial extent of surface SPMC. Data are available
on https://marc.ifremer.fr/en and are processed by the Satellite Data Processing and Distribution

Center (CERSAT) at Ifremer.

2.3 Data processing

2.3.1 Detection and characterization of extreme events

The Peak Over Threshold (POT) method is used to detect extreme wave and river flow
events from 2006 to 2022 (Figure 2). Daily river flow data are interpolated at each high tide
(semi-diurnal cycle, i.e. ~2 per day). The percentile 90 of hourly square wave orbital velocity
is used to characterize wave conditions at each tidal cycle. These tidal percentiles 90 are
aggregated by successive tides from January 1 to December 31 to create an annual climatology
over the 2006-2021 period (2021 is the last full year of forcing time series) (Figure 2). This
climatology computed at each tidal cycle is smoothed on a 30-day rolling window still
calculating the percentile 90 to obtain a dynamic threshold. Extreme wave events correspond
to wave orbital velocities exceeding the tidal percentile 90 smoothed threshold.

The same method is applied to detect extreme river flow events, but in order to
additionally detect start and end dates of these events properly the percentile 75 is used. Thus,

events are fully detected and not only short isolated peaks in river flow time series.
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Figure 2 : Scheme of the extreme detection method with the example of wave forcing for the year
2011-2012. Tidal-P90 square wave orbital velocity (Uy?) are represented by grey dots and extreme
values by red dots. The annual climatology computed with the percentile 90 is shown by the orange
line. The threshold (red thick line) corresponds to the smoothing of the percentile 90 of the orange line
over one month moving period. Values above this threshold (red thick line) are therefore identified as
extreme and are represented by red dots.

Four key parameters have been considered to characterize extreme events: intensity,
intensity above threshold, duration and succession of events (Stephenson, 2008; Figure 3). A
succession of events is detected when there are less than a week between two consecutive events
(between the end of one event and the start of the next event). The concomitance of extreme
river flow and wave forcings is studied to observe the response of SPMC during cumulated

forcings.
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Figure 3 : The succession of extreme events, their intensities, their intensities above the threshold and
their durations are illustrated on this scheme: extreme events with extreme values in red points, non-
extreme values in blue points and the threshold in black line. In this example there are 4 extreme
events detected: E1, E2, E3 and E4.

2.3.2 Spatial extent of SPMC events

A subset of L4 satellite data is used at the estuary/bay interface (0.3°W;0.3°E and
49.3°N; 49.7°N) to study SPMC spatial variability in the bay of Seine. Following Gangloff et
al. (2017), a characteristic SPMC threshold is used to delineate the surface SPMC plume against
the average background SPMC observed in the Eastern Bay of Seine. For our study area, a
surface SPMC threshold value of 5mg L™ was calculated from the mean SPMC distribution

from all available images during the study period (2006 - 2022).

3. Results

3.1 Extreme events



Extreme wave and river discharge events are first identified from the long-term time
series and analyzed further (Figure 4). 20 extreme river flow events are detected: from 0 to 2
events per year (average of 1.25 per year), none in 2009 and 2019. 211 extreme wave events
were detected during the same period: from 5 to 22 events per year (average of 13 per year), 5
in 2010 and 22 in 2007.

Using a time-varying threshold over the annual cycle enables detection of extreme
events over all seasons, i.e. not only extremely high river flows in winter, but also moderate
river flow events during summer, a period of low mean river flow. Extreme river flow events
show a marked seasonality with moderate intensity events in summer (<800m?® s) versus
intense floods in winter and spring reaching values above 1100m?® s (Figure 5). In general, the
stronger the river discharge event, the longer the event: summer events last from 4 to 90 tides,
while winter event duration ranges from 18 to more than 100 tides. Short (<50tides) but high
(Q>1000m? s) extreme river discharge events are also observed. An exceptional intense
extreme event was observed in June 2016, reaching 2000m® s while the average river

discharge for this period is lower than 400m?® s,

Extreme wave events are almost rare in April and June (13 and 12 events over the full
period) and most frequent in winter (up to 20 events per month) (not shown). Similarly to
extreme river flow events, extreme wave event intensity shows a significant seasonal
variability, with strong peaks of maximum square wave orbital speed per event in winter
(maximum >0.4m? s2, average 0.24m? s) and weaker values in summer (minimum <0.2m? s”
2 average 0.07m? s’%; Figure 5). Most of the extreme wave events detected are short and last on

average 2 tides per event, whatever the season, and the longest reach 7 tides.



Several event successions are observed over the study period (Figure 4). The extreme
forcing event successions are characterized most of the time by a group of 2 events only. No
high intensity river flow successive (Q>1000m? s') were detected, but four were reported,
separated by 2 weeks (April 2008; January 2011; May 2013 and January-February 2018). 66
wave event successions are detected. November to March is the most favorable season for
successive wave events with 41 successive events detected (from 2006 to 2022). An exceptional
succession of wave event was reported between February 10" 2020 and February 26" 2020,

with 5 successive events.
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Figure 4 : Extreme forcing events from river flow (extreme values in blue points, extended extreme

period in grey on top figure) and square wave orbital velocity (blue lines on bottom figure).
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Figure 5 : Characterization of extreme forcing events of river flow (left) and square wave orbital

velocity (right) through their duration, their intensity and the month of occurrence.

3.2 Suspended Particulate Matter Concentration (SPMC) anomalies in response to
extreme events

3.2.1 SPMC anomaly time series

In situ and modelled SPMC anomalies present a high seasonal and interannual
variability (Figure 6). Observed SPMC anomalies are globally higher at the bottom (values
generally between -0.01 and 0.2gL™) than at the surface (values between -0.01 and 0.05g L1).
Both surface and bottom anomalies are high and positive during winter and low or negative
during summer. They present a similar interannual variability, with lower surface and bottom
anomalies during winter 2016-2017 while the highest winter values are observed in 2017-2018
and 2021-2022.

The dynamics of in situ and model SPMC anomalies show similar seasonal patterns,

while model SPMC anomalies are globally larger than the observed anomalies.



An extreme river flow or wave event is generally associated with a peak in SPMC
anomaly, but not necessarily to an extreme anomaly value (Figure 6). Hence, extreme events

do not explain all the sediment variability observed at the river mouth.
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Figure 6 : Tidal-P50 SPMC anomalies observed with in situ data (a — surface, b- bottom) and model
data (c — surface, d - bottom) during extreme river flow events (grey), extreme wave events (blue) and
concomitant events (green). Red triangles artificially represent high values above 0.2g L (in situ

bottom), 0.1g L (model surface) and 0.5g L* (model bottom).

Hereafter in section 3.2, in order to characterize SPMC anomalies during extreme events, the

average anomaly value over the event period is calculated, both for extreme wave or river

flow events.



3.2.2 Relation between extreme forcings and SPMC anomalies

SPMC anomalies related to wave extreme events can often exceed those related to river
flow events; at the surface values are less or around 0.02g L™ for river flow events versus 0.05g
L for wave events. At the bottom SPMC anomalies during river flow events do not exceed
0.1g L* for in situ and model data while they can exceed 0.5g L™ for in situ and model data for

waves events (not shown).

A positive trend can be observed between wave extreme events intensity and SPM
response (Figure 7): the more intense the forcing, the stronger the SPMC anomaly. This is both
observed in model and in situ data. Seasonality is observed with SPMC anomaly values close
to 0 in summer and with the highest SPMC anomalies occurring in winter. Stronger events are
detected with values larger than 0.025 and 0.1g L™ for in situ data at the surface and the bottom
respectively. The same patterns are observed with model data, with a 2-fold increase in SPMC
anomaly values.

These seasonal differences can be explained by the erosion processes driving
resuspension events. Sediment erosion fluxes are governed by an excess bed shear stress and
an erosion rate. This excess bed shear stress is the difference between wave-current bed shear
stress and the critical erosion shear stress, a threshold that expresses the resistance of the bed to
erosion. Hence, in general, the larger the orbital velocity, the larger the bed shear stress and the
eroded sediment flux. In winter, a high wave intensity season, extreme events detected are
characterized by high wave orbital velocity values, and hence high excess shear stress and high
SPMC anomalies. In summer, wave extreme events are generally weaker, and then both the

excess shear stress, the erosion flux and SPMC anomalies are weaker.
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Figure 7 : Relation between event-average square wave orbital velocity and event-average Tidal-P50
SPMC anomalies during extreme wave events. The colors represent the months of the year. In situ
data (2015-2022) are on the left and model data (2006-2019) are on the right. Surface data are on top
panels and bottom data on bottom panels. The orange triangle artificially indicates the presence of an
extremely high bottom SPMC anomaly (1.3g L) observed in in situ data.

Investigating the influence of extreme river flow events is more complex as nearly all extreme

river flow events are concomitant with several (or many) extreme wave events (Figure 6).

3.2.3 Impact of successive extreme wave events on the intensity of SPMC and their

anomalies

In mixed sand/mud environments, such as the Seine estuary mouth, the concentration

of fine sediment in suspension is strongly driven by the availability of fine sediments in the



surface layer of the bed. We questioned here if a succession of extreme wave events could i)
wash out fine sediment from the surface layer, and hence decrease SPMC anomaly, event after
event or ii) progressively destabilize bed sediments and hence increase their erodibility and
finally increase SPMC anomaly. However, analyzing the SPMC anomaly dynamics of
successive wave events did not show any strong trends that may support any of these two
hypotheses. In particular, no in situ data are available during the periods with more than 4
successive events. But our investigations highlighted that the time lag between successive
events controls the capacity for the system to return to an undisturbed tidal-driven situation.
The following SPMC index is used to evaluate this time-lag effect:

[SPMC]max,i +2[SPMC]max,i+1 — min([SPMC];14,)

[SPMC] index; ;41 =

[SPMC]max,i + [SPMC]max,Hl
2

Where [SPMCl]max,i represents the maximum SPMC of the event i (from the raw high frequency
SPM concentration time series) and [SPMC]; i+1 represent raw (high frequency) SPMC between
two successive event maxima i and i+1.

A low value of the [SPMC]index indicates that the SPMC between 2 consecutive events
remains high, i.e. SPM settling velocity is lower or turbulent mixing remains high enough to
counterpart settling (Figure 8).

When the successive extreme events are very close (<3 tides), the [SPMC]index is the lowest,
reaching values between 0.7 and 0.9. When events are separated by at least 5 tides, the
[SPMC]index values are mainly above 0.9, indicating significant settling. These results
illustrate a memory effect of extreme events, keeping SPMC to high levels up to ~3 tides after

the event.
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3.3 Spatial extent of SPMC during extreme river flow and wave events

3.3.1 Spatial response to extreme river flow events: investigating the SPM surface

plume dynamics

In order to complement the local influence of extreme events observed from coastal
observatories, the surface SPMC evaluated from satellite ocean color data can be analyzed to
investigate the spatial dimension of these events. Hence, the sediment surface plume area is
calculated after averaging available images every 15 days from the beginning to the end of each
event (Figure 9, 10 and 11). Three specific examples are first studied below.

First, we consider the weakest and shortest extreme flood event (1.2 times the smoothed
P90 threshold) from mid-September to mid-October 2008 (Figure 9). A rounded plume faces
the Seine estuary close to the mouth as it does not extend further 0.05°W. This late summer

extreme flow event is characterized by a low river discharge around 400m?® s and low waves



(average square wave orbital velocities below 0.2m? s2). This situation explains the weak
evolution of the sediment plume during the event.

Secondly, the opposite extreme situation is studied with the longest and strongest
extreme flood event occurring from January to May 2018 (Figure 10). The sediment surface
plume is highly spread out in January with a plume that exceeds West of 0.3°W and North of
49.7°N during the first half of the event (brown and yellow shades). Then the plume gradually
moves closer to the estuary mouth with a boundary around 0.15°W (red shades) as the river
discharge decreases. It can be seen that the evolution of the SPMC contour is important between
each 15-day period. This event, which is divided into two phases, presents first a very important
flood peak higher than 2000m?® s but also important waves with square wave orbital velocity
peaks higher than 0.5m? s and followed next by lower conditions of river flows (less than
1300m?® s?) and low square wave orbital velocities below 0.2m? s,

Finally, the rarest event is examined (Figure 11): it is the second most intense extreme
event (up to 2000m? s*) which happens in summer 2016, a season in which such high discharge
is unexpected. Similarly to the strongest event, the sediment surface plume is present in the bay
up to 0.15°W when the peak river flow is observed. The weak North wind favors an extension
of the SPM surface plume towards the West, confined close to the coast. Then rapidly after 15
days, the plume extension is progressively reduced and centered close to the mouth, around
0.05 to 0.1°W, as expected during medium to low river flow conditions. This event presents a
sudden and very intense peak of river flow close to 2000m® s and does not present any
concurrent impact of waves, which are weak all the time during the event (square wave orbital
velocities below 0.25m? s2). Such an event in a dry period field to a rapid response of the
system.

We can conclude that the extent of the SPM surface plume is strongly driven by the

intensity and duration of the event. The evolution of the SPM surface plume is rapid and



important in winter while it is smaller and slower in summer. It can be remembered that the
wave effect is not distinguishable from the river flow effect from SPM surface satellite

observations.
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discharge, square wave orbital velocity and tidal range (bottom). Contour color lines correspond to

shaded contours in the bottom panel.
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Next, all events are considered and SPM surface plumes are confronted to extreme river
flow values, in order to examine general patterns of plume shapes in response to river flow
(Figure 12).

For each extreme flood event, the date of the maximum river flow is identified and the
satellite images that correspond to the week following this date are selected to compute a mean
image and calculate the corresponding area with SPMC larger or equal to 5mg L. A general
pattern is reported, with increasing SPMC surface plume area (up to 80% of the studied area)
with increasing river flow values (Figure 12). Low-intensity extreme river flow yield to a
sediment plume that remains close to the river mouth and covering less than 25% of the area
(for Q<600m?®s).

Some SPMC plume associated to high river flow values (Q>1600m? s) show low
turbid area values. This could be explained by the impact of wind on surface flow and pushing

the plume toward the coast, as observed by Gangloff et al. (2017) in the Rhone river plume.

3.3.2 Understanding the spatial distribution of surface SPMC in response to wave

extreme events

SPMC satellite L4 products are averaged by wave events to examine how extreme
events spatially impact the estuary-sea interface. The SPMC surface area (pixels where SPMC
exceed 5mg L divided by the total sea pixels in the studied area), are concurrently analyzed
with Up?and the river flow (Figure 12).

The relation between the SPMC and the wave intensity shows a positive trend: the larger
the wave intensity, the more spread the spatial distribution of surface SPMC. For event-average
square orbital velocities lower than 0.1m? s2, the high SPM area (where SPMC is above 0.005g

L) covers between 10% to 60% of the studied area. When Uy? exceed 0.2m? s2, the high SPMC



area increases from 30% to 95%. Together with the spatial extent, the SPMC within the turbid
plume can be investigated (Figure 12). When the wave event intensity increases, the percentile
90 of SPMC within the detected plume increase. For low intensity events (Uy? < 0.1m? s2), the
average P90 SPMC values reaches 0.025g L™ while it reaches 0.050g L™ for Uy? larger than
0.2m? s, We can also note that the plume extent also increases with the river flow, as

highlighted in section 3.3.1.
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Figure 12 : Percentage of surface SPMC areas (pixel values >superior to 5mg L) in relation to
extreme event characteristics. Top panel: wave extreme events characterized by event-average Uy?.
The color bar on each panel shows: left) the percentile 90 of the SPMC within the selected turbid area;
right) the corresponding river flow. Bottom panel: river flow extreme events characterized by the
maximum river flow. The color bar on each panel shows: left) the percentile 90 of the SPMC within

the selected turbid area; right) the corresponding mean tidal-P90 wave orbital velocity per event.

4. Discussion



4.1 Reversal of the extreme detection method: exploring SPMC extreme events

In this study the extreme wave and river flow events are detected and the associated
SPMC response was then analyzed. This is the usual strategy used in previous studies to observe
the impact of extreme external hydro-meteorological events such as storms (Fettweis et al.,
2010) and floods (Tavora et al., 2023) on SPMC. Meanwhile, questions can arise if a direct
cascade effect exists, and if an extreme event in the forcing necessarily implies an extreme
event in SPMC anomalies. Both methods, (i) the detection of extreme forcings and response in
SPMC and (ii) the detection of extreme SPMC are compared to analyze the possible
concomitance and mismatches. This is tested on modelled (longest, continuous) SPMC
anomaly time series from 2006 to 2019 at the surface and at the bottom using the same
methodology as applied for observations (Verney et al., 2024). The results show a good
agreement between both detection methods with a similar number of events. 234 SPMC
anomaly extreme events are found at the surface and 175 at the bottom against 155 wave
extreme events detected over the same period (2006-2019). Also, differences are observed on
the number of non-detected extreme events (Figure 13). There are 63% of surface SPMC
anomaly extreme events detected in model data that do not correspond to extreme wave events,
against also 42% wave extreme events that do not correspond to extreme SPMC anomalies at
the surface. The same patterns are observed for bottom SPMC anomaly analysis with 52%
SPMC anomaly extreme events not concomitant with wave extreme events and 43% wave
events not concomitant with SPMC anomaly events. Investigating further these mismatches
between extreme events, the non-detected wave extreme events (within the SPMC anomaly
extreme event) (Figure 13 right panels) correspond to low wave intensity events (below 0.2m?

s2). Moreover, the most intense ones (>0.05m? s2) are reported in winter, when wave activity



and the resulting P90 Up? climatology are usually high (i.e. > 0.15m? s?), hence explaining why
these events are not detected as extreme in the wave time series. Similar patterns are observed
for wave extreme events not detected as extreme in the SPMC anomaly time series (both surface
and bottom): these non-detected events are characterized by low SPMC anomaly values, far
from the P90 climatology threshold whatever the season. This is particularly atypical in winter,
when wave extreme events reach values higher than 0.2m? s2, but not generating high sediment
resuspension. This could be explained by less fine sediment available at the sediment surface
or weaker erosion rates. It must be reminded here that model results are examined here, and
this behavior might be strongly controlled by the erosion rate calculation, strongly driven by

the sand fraction (Le Hir et al., 2011; Grasso et al., 2018)
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4.2 Robustness of the extreme detection method: the threshold question

In a second step, the robustness of our method is questioned as well as the definition of
extreme events. SPMC response to extreme wave forcing is often investigated for specific
events and generally during the winter season when storms are strongest (Warner et al., 2008;
Lettmann et al., 2009; Fettweis et al., 2010). In this study, 29 extreme river flow events and
287 extreme wave events are detected over less than 2 decades from 2006 to 2022 during all

Seasons.

The choice for using the percentile 90 as a threshold is questionable. The percentile 90
remains the most used threshold in the scientific community (McPhillips et al., 2018), as used
in marine heatwaves studies (Hobday et al., 2016). The percentile 95 is used to detect extreme
events of river flows and significant wave heights in the Bay of Seine by Grasso et al. (2021),
or intense hydrodynamic events in the mudflat of the Gironde region by Lamarque et al. (2022)
and extreme river flows and winds in the Scheldt estuary by Tavora et al. (2023). Our method
seems to be robust with both thresholds (percentile 90 versus percentile 95) giving similar
results (Figure 14). The same events are (generally) detected, while (10 to 25%) fewer events
are detected with a higher percentile, as mathematically expected. The threshold chosen will
depend on the scientific question, whether it concerns the determination of a trend of these
extremes considered as rare or whether, as in our case, the interannual variability and the

processes related to these extremes are studied.

Another aspect of this method is the temporal variability of the threshold which is also
to be taken into account according to the scientific question investigated. In a (simple) physical

study context, it could be studied only during the winter period, for example, when storms are



the most important (Poppeschi et al., 2021). On the other hand, if the study ambitions to
investigate different compartments of the ecosystem, it will be necessary to extend the study
over the year or over a season that is more favorable to the observation of these biological
processes. The threshold can be either fixed to a standard value (e.g. as for oxygen - Conley et
al., 2009) or variable in time (Stephenson, 2008). For the latter, thresholds can be fixed or can
vary according to a certain frequency: tide, month or season (Figure 14). Marine heatwaves for
example are generally only studied in summer with a seasonal threshold calculated from a daily
climatology (Hobday et al., 2016) but with climate change, these extreme phenomena studies
could be extended to the months surrounding the summer season as well. Because of global
change, extremes are more and more present during unexpected periods, and it is mandatory to
study them using variable thresholds with the finest possible temporal resolution in order to

detect all extreme events all year long, as proposed in the present study.

The integration time period to calculate the threshold plays a role in detecting extremes.
Climate scientists recommend estimating a threshold over a period of at least 30 years (Hobday
et al., 2016; Oliver et al., 2008). However, present in situ data rarely cover such long periods
of time, especially at high frequencies. Some series exceed 30 years like the Hawaii ocean time-
series (HOT, Karl and Lucas, 1996), but most are shorter than a decade or limited to several
years (Poppeschi et al., 2022). The time series of physical forcing are often longer because they
have been collected and archived by specialized organizations for decades such as Météo-
France for meteorological parameters or the Shom for tides in France. Therefore, tests are
performed in this study on the Seine River flows for threshold computed based on 10 to 60years
of data and for waves in the Bay of Seine over 5 to 25years of data (Figure 14). The integration
time period implies a variability in the calculated threshold, but these variations are weak

compared to other methodological parameters such as the percentile value or the threshold



variability time scale. We also examine if splitting the signal in small time periods would not

lead to the same conclusions as on a longer period (not shown), and results do not differ much

as well.
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4.3 Examining the impact of extreme events against the seasonal dynamics

From previous results and Figure 7 and 12, we may conclude that extreme events (both river
flow and wave events) impacting the most system are the most intense ones, as they result on
the largest SPMC anomalies or the largest surface SPMC areas. However, it is essential to
contextualize these impacts along the seasonal dynamics of the SPMC anomalies (Figure 15).
Hence considering extreme wave events, the event-average SPMC anomaly can be compared
with the monthly interannual SPMC anomaly statistics. Examining bottom data, winter
(December to February) wave events generate SPMC anomalies that range from 0.025 to 0.15¢
L, while the percentile 90 of the monthly interannual SPMC anomaly reaches at this period
on average 0.08g L. Extreme events SPMC anomalies are mainly less than twice higher the
percentile value. In April and May, SPMC anomalies induced by an extreme event range from
0.02 to 0.08g L1, while the monthly interannual percentile 90 value reaches 0.015g L on
average. During the spring period, the extreme events induce SPMC anomalies that can be more
than 4 times the monthly interannual percentile 90 value. Similar results are observed during
summer and at the surface, indicating that if their intensities are lower, the extreme wave events
in spring and summer also significantly impact the estuary-bay system. Considering extreme
river flow events, their impact is globally not significant, despite slightly higher median
anomalies than the monthly interannual median value. For these events, and only considering
the sediment dynamics at the estuary-bay interface, exceptionally intense events, such as the
event recorded in June 2016, are expected to significantly impact the SPMC at the mouth and

in the bay nearby.
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Figure 15 : Comparison between monthly SPMC anomaly climatology and the seasonal SPMC
anomaly in response to extreme events. Left: wave events, Right: river flow events. Top panel:
surface, Bottom panel: bottom. Climatology anomalies are represented by black markers and lines:
circles show the monthly median anomaly, lines indicate the percentile 25 and 75, up and down
triangles the percentile 90 and percentile 10 respectively. Orange circles represent event-average tidal-
median SPMC anomalies. Up orange triangles indicate high SPMC anomalies above 0.05 and 0.15¢g L-
! for surface and bottom data respectively. Blue markers and lines indicate the monthly distribution of

SPMC anomalies during extreme river flow events (similarly to SPMC anomalies)

4.4 Variability of extreme river flow events over a 60-year period

Extreme hydro-meteorological events are intensifying worldwide, becoming larger in
magnitude and more frequent in occurrence implying important consequences for coastal
ecosystems (Breitburg et al., 2018; Ibrahim et al., 2021; IPCC, 2021). This assumption is
investigated in this section, evaluating temporal variability of extreme river flow events over

the 1962-2022 period (hence the percentile 90 threshold was recalculated over this period)



(Figure 16). A general trend is observed, the occurrence of river flow extreme events increasing
from the 1960 to the 2010™: from 1962 to 1981, 22 events are detected, against 40 from 2002
to 2021. All river flow event classes increase, but low river flow extreme events (Q<500m? s
1) more than double (from 4 to 11 occurrences). The number of short events (T<20days)
increases the most, from 10 to more than 20 events, but still all classes show an increase in
occurrences from 1962-1981 to 2002-2021. This is in agreement with predictions, which
anticipate that extreme events should be more important and stronger. But quantitative
comparison with other studies is complicated as the methodology used to define and detect
extreme events often differ. There are many different methods to examine river flow extreme
events (Garner et al., 2015), and this could contribute to significantly bias their representation.
Also, it can be reported a pluri-decadal variability in the occurrence of extreme river flow event,
with more event detected from 1982-2001 than for the following period (51 Vs 41 events), and
especially for the most intense events (Q>1000m? s?). This can be explained by decadal

climatic variability as discussed in Garner et al. (2015) or Jalon Rojas and Castelle (2021).
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Figure 16 : Annual statistics of extreme river flow events from 1962 to 2022 (each year is considered

as the hydrological year, i.e. from September Year-1 to August Year). Occurrences of extreme event



by three maximum river flow classes per year (a) or per 20y-periods (b). Occurrences of extreme
events per event duration classes (days) per year (c) or per 20y periods (d). The dashed linesinaand c
indicate the separation between the three 20y-periods

Together with a general increase in occurrences over decades, the event seasonality per 20y-
periods can be further discussed (Figure 17). On one hand, similar patterns of events are
observed in January/February (high river flow) and July to October (low river flow), in terms
of intensities and number of occurrences. On the other hand, differences are reported during
spring/early summer. High extreme events (Q>900m?® s™) are not reported in the 1962-1981
period (April and May), while 7 were observed in April/early May in 1982-2021 and 5 in
May/June in 2002-2021. This time shift within the spring period is impacting, as recent (2002-
2021) extreme events in May/June are as intense as in April but occurring during lower river
flow period, hence generating potentially higher gradients in SPMC at the estuary/sea interface
with potentially stronger impact on the biological compartment of the estuarine and coastal
ecosystem. A similar seasonal shift was also observed in northern and eastern US and Canadian

river systems as reported by Dethier et al. (2020).
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5 Conclusion

Extreme hydro-meteorological events playing a role in sediment dynamics at the mouth of
the Seine estuary have been detected using an innovative detection method applied to long term
high frequency time series. This method investigates extreme wave and river flow events
occurrence throughout the years, can be easily transposed to other coastal and estuarine sites,
and its robustness has been validated in this study. From 2006 to 2022, 20 river flow events and
211 wave extreme events were detected. A strong seasonality of these extreme events is
highlighted with highest intensity and more successions of events in winter. The pluri-decadal
change in extreme river flow event was investigated and showed an increase in occurrences in
river flow extreme event from 1962-1981 to 2002-2021. Over the last 40years (1982-2021),
intense river extreme events are reported during atypical, low mean river flow periods (April to
June) that were not detected from 1962 to 1981, illustrating a shift that could be a consequence
of climate change.

The SPMC response to extreme events is analyzed through tidal anomalies time series and
satellite ocean color SPM surface concentration data. In general, the more intense the event, the
larger the SPMC or the larger the high concentration spatial extent, whatever the type of event.
Extreme wave events are the most impacting, generating large anomalies (stronger near the
bottom than close to surface) than river flow extreme events. During summer, the average lower
intensity of extreme wave or river flow events leads to lower SPMC anomalies. However,
considering wave events, these anomalies in late spring and summer are up to 4times larger
than the mean monthly anomaly, hence potentially significantly impacting as much the coastal
ecosystem as winter high intensity storms. Extreme river flow events also generate statically

larger SPMC anomalies than the climatology values, but lower than wave events. However,



exceptional extreme high intensity river events in late spring/summer, such as observed in June
2016, can greatly increase SPMC anomalies at the estuary-sea interface.

Based on the annual SPMC anomaly distribution, extreme wave events do not necessarily
induce extreme SPMC anomalies (~40%). Mismatches in extreme events (forcing Vs SPMC
anomalies) is explained by their seasonality: low intensity wave events in summer induce low
shear rate and hence low SPM resuspension, not necessary detected as extreme in the SPMC
signal. High intensity wave extreme events not detected as extreme in SPMC anomalies occur

all in winter, a season when SPMC anomalies are already high on average.

The importance of adapting the method for studying extremes to the parameter was
discussed. The various tests carried out have shown that the choice of threshold, its variability
and the duration of its application are parameters to be considered and adapted according to the

research question.

Because waves and river flows are not the only forcings playing a role on SPM dynamic,
biological effects on flocculation and bed erodibility need also to be considered in future
studies. It would also be interesting to extend this study by considering the interactions between

SPMC and phytoplankton in the Bay of Seine.

6 Open data

All data used in this manuscript will be publicly available.

Model data are accessible here : ftp://ftp.ifremer.fr//ifremer/dataref/ocean-coastal-

model/SEINE/curviseine ares hindcast/

L4 satellite data are accessible from httpd://marc.ifremer.fr/en.



In situ data are partly available from https://coast-hf.fr/. A DOI will be provided before

publication.
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Figure S1. Validation of model SPMC anomaly against surface and bottom in situ

observations from the SCENES buoy
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Figure S2. Validation of SPMC (g L™) data from L4 satellite products against surface

observations from the SCENES buoy
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Highlights

¢ Time dependent climatologies were calculated to identify and characterize extreme events from forcings
and SPM concentration anomaly datasets

e Extreme eventimpact is seasonally variable, but relatively as much important in summer as in winter.

® Extreme river flow event become more frequent over the last 60years, but also their seasonality

changed, with more intense events reported in April (1892-2001) and May/June (2002-2021), which are
usually periods of low river flow.



