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insight into seasonal variability
and extreme weather events
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and Enda Murphy4

1Dept. of Geography and Environmental Science, Saint Mary’s University, Halifax, NS, Canada,
2TransCoastal Adaptations Centre for Nature-Based Solutions, Saint Mary’s University, Halifax,
NS, Canada, 3Dept. of Oceanography and Coastal Science & Coastal Studies Institute, Louisiana State
University, Baton Rouge, LA, United States, 4Dept. of Civil Engineering, University of British Columbia,
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This study examines the wave climate and its influence on potential Longshore

Sediment Transport (LST) along the Shippagan coast of the Gulf of St. Lawrence,

eastern Canada. Using a combination of in-situ observations and ERA5 reanalysis

data, the research evaluates both seasonal and annual variations in wave

dynamics and sediment transport, with particular attention to the role of

extreme weather events. The wave climate shows pronounced seasonality,

with higher wave activity in winter and lower activity in summer, while wave

direction remains consistently from the southeast. Estimated potential LST rates,

derived from renowned three empirical formulae, i.e., CERC, Kaczmarek and

Komar show variability in bothmagnitude and direction over the three-year study

period (2021-2023), reflecting the complex sediment dynamics of the region.

According to CERC formula, the estimated net annual rates were -6.0 to 6.4 x10⁵

m3, while estimates from the Kaczmarek formula ranged from -6.1 to -1.8 x10⁵

m3 over the same period. The Komar formula provided net annual LST estimates

ranging from -6.2 to 6.5 × 10⁵ m³, which are in close agreement with the CERC

results. The predominant direction of net potential LST rates is towards southeast

direction. Seasonal analysis highlights winter season waves are the dominant

contributor to sediment transport, followed by spring and fall. Although, post-

tropical storms contributed 5% to the total gross potential LST rates. Additionally,

long-term analysis (1992–2023) reveals increasing trends in wave heights (0.4

cm year-1) and potential LST rates. These findings provide valuable insights into

sediment dynamics, supporting improved modeling and prediction of the fate of

nourished sediments, and contributing to the optimization of nature-based

solutions like the Sand Engine for sustainable coastal management.
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Highlights
Fron
• Long-term analysis reveals increase in wave heights with

0.4cm year-1.

• The predominant direction of net potential LST is towards

southeast direction.

• Post-tropical storms contributed 5% to total gross potential

LST rates.

• The study presents the first long-term estimation of

potential LST rates along the Shippagan.

• Findings enhance sediment transport modeling and inform

sustainable coastal management strategies like the

Sand Engine.
1 Introduction

In response to coastal habitat destruction of an endangered

Piping Plover (Charadrius melodus) in Atlantic Canada, two novel

restoration techniques are being employed in Shippagan, New

Brunswick, Canada: (1) a “sand engine”, and (2) construction of a

marsh with sill living shoreline (Bowron et al., 2022). The sand

engine, based on a concept piloted in the Netherlands, involves

placing a substantial volume of dredged material on the foreshore,

where natural coastal processes distribute it along the shore,

nourishing beaches, dunes and marshes (de Schipper et al., 2016).

This approach relies on natural wave action in nearshore regions,

which plays an important role in transporting sediments parallel to

the shoreline (Longshore Sediment Transport, hereafter LST)

(Bas ̧aran and Güner, 2021; Toimil et al., 2017a). Potential LST

plays a pivotal role in coastal geomorphology, and it significantly

influences the dynamic evolution of beaches (Mil-Homens et al.,

2013). Variations in wave climate and potential LST driven by

storms, seasonal effects, climate variability, and climate change

influence shoreline dynamics (Toimil et al., 2017b). In a changing

climate scenario, Atlantic Canada is being affected by sea-level rise,

coastal erosion and intensified storms (Greenan et al., 2019).

Addressing these challenges requires advanced restoration and

mitigation strategies, along with a comprehensive understanding

of the wave climate and its influence on potential LST, to ensure the

long-term stability and resilience of Atlantic Canada’s coastlines.

The variability in the wave climate of the north Atlantic Ocean is

driven by the climatic oscillations, which influence wind patterns,

fetch, and resulting wave energy and frequency (Feser et al., 2015;

Freitas et al., 2022; Ambaum et al., 2001). Additionally, in the

nearshore regions the wave interactions with the bottom

topography and shoaling can results in localized wave

transformation such as wave refraction, diffraction, and breaking,

which can alter coastal processes significantly (da Silva et al., 2012).

These dynamic interactions emphasize the importance of

understanding the wave climate and associated potential LST

rates for coastal management and engineering applications, as

they directly impact coastal stability and the resilience of coastal

communities (Rölfer et al., 2022).
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Accurate datasets are essential for analyzing a region’s wave

climate and potential LST rates, capturing both seasonal and annual

variations effectively. Ocean wave data can be obtained from in-situ

observations, satellite measurements, and modelled or reanalysis

products. However, satellite data has quality issues when it is closer

to the coast (Walker et al., 2014; Van Vledder and Akpınar, 2015)

and measured wave data is limited to sparsely distributed networks

of point observations. As a result, researchers frequently rely on

numerical models such as SWAN (Simulating Waves Nearshore)

(Wood et al., 2001; Akpınar et al., 2016; Liang et al., 2019) and

WAVEWATCH III (Mentaschi et al., 2015; Umesh and Behera,

2020; Zheng et al., 2022) to analyze wave characteristics (Cavaleri

et al., 2018). In recent decades, advances in data assimilation

techniques have further improved reanalysis products like ERA5

(Hersbach et al., 2020), which provide extensive spatial and

temporal coverage, delivering comprehensive global data on wave

climate and wind patterns. Several researchers have endeavored to

understand wave climate and dynamic coastal processes using

observations, modelling, satellite and reanalysis data (e.g., Zhang

et al., 2004; Ardhuin et al., 2010; Maia et al., 2023; Semedo et al.,

2011; George and Kumar, 2019, 2021). On the other hand, potential

LST rates have been estimated using two primary approaches. The

first involves employing bulk transport formulae, such as those

proposed by CERC (USACE, 1973), Kamphuis (2002), Walton and

Bruno (1989), and Kaczmarek et al., 2005. The second approach

utilizes process-based numerical models, such as Delft3D (Lesser

et al., 2004) and Mike 3 (Saengsupavanich et al., 2022), or one-line

models like GenCADE, LITPACK, and UNIBEST (Frey et al., 2012;

Townsend et al., 2014). Numerous studies on potential LST have

been conducted all around the world for different oceanic

conditions using these approaches (Wang et al., 1998; Falqués,

2006; Splinter et al., 2012; Almar et al., 2015; Chowdhury and

Behera, 2017; George et al., 2020).

Along the northwest Atlantic and the Gulf of St Lawrence

(GSL), several studies have investigated wave climates and extreme

wave conditions (Forbes et al., 2004; Swail et al., 2006; Ruest et al.,

2013; Guo and Sheng, 2015; Ruest et al., 2016; Wang et al., 2018). In

contrast, limited research has focused on calculating potential LST

rates in the GSL, and these studies are based on empirical formulae

and model approaches with limited measured data (Armon and

McCann, 1977; Davies, 2011 (not peer-reviewed); Manson et al.,

2016). For e.g., Armon and McCann (1977) estimated potential LST

based on CERC (USACE, 1973) along a 43 km barrier island

shoreline at Malpeque, Prince Edward Island (PEI) in the GSL.

The results showed that net potential LST is directed towards the

southwest direction, with potential LST rates varying from 0.4–2

x105 m3 year-1. Davies (2011) used the Kamphuis formula to

estimate the potential LST along PEI in the GSL, finding

dominant west-to-east transport. Manson et al. (2016) used the

Delft3D numerical model to estimate sediment transport along the

north shore of PEI in the GSL, finding that the average transport is

southeast-ward (4.9 x105 m3·s-1·m-1), with change in direction and

quantity of transport depending on storm winds and high wave

conditions. Most previous studies on wave characteristics and
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potential LST rates have focused on PEI, leaving the Shippagan

coast, situated north of PEI, largely unexplored.

The wave characteristics and associated potential LST along the

Shippagan region remain unknown, even as the region undergoes

continuous changes due to Nature-Based Solutions (NBS) efforts as

discussed above. A detailed assessment of potential LST and the

wave climate in this region is critical for the effective management

of its dynamic coastlines. Additionally, there is limited

understanding of how extreme weather events, such as tropical

and extratropical hurricanes, influence wave patterns and potential

LST in this area. Hence this study aims to address these gaps by

examining the seasonal and annual variability of the wave climate

and evaluating the contributions and impacts of extreme weather

events on potential LST and wave characteristics, providing

essential insights for sustainable coastal management. The

insights into potential LST derived from this study are pivotal for

improving strategies to manage coastal flood and erosion risks. This

understanding supports the development of NBS, such as the

Shippagan Sand Engine, which leverage natural processes to

achieve sustainable coastal protection and foster habitat creation.
2 Study area

The GSL is a large semi-enclosed shelf sea covering an area of

about 240,000 km2 located in eastern Canada that connects to the

northwest Atlantic through the relatively shallow (50–80 m) Strait

of Belle Isle (Bailey 1958) and the deep (480 m) Cabot strait

(Figure 1). Waters flowing in through the Strait of Belle Isle are

mostly of Arctic origin [see Figure 1 of Lavoie et al. (2021)], while

waters entering at Cabot Strait are a mixture of cold water from the

Labrador Current and warmer North Atlantic Central Water. The

GSL is characterized by deep channels (Laurentian, Esquiman, and

Anticosti) bordered by relatively narrow shelves, except for the

Magdalen Shallows, a vast shelf that covers most of the southern

GSL with an average depth of 60–65 m. The GSL is also

characterized by an important inflow of freshwater. The Great

Lakes-St. Lawrence River system is one of the largest watersheds

(1.3 million km2) in the world and the third largest in North

America, after the Mississippi and Mackenzie Rivers, with 80% of

the runoffflowing into the Lower St. Lawrence Estuary (Lavoie et al.,

2021) and 20% using essential resources for drinking,

transportation, agriculture and industry (Gronewold and Stow,

2014). This freshwater discharge generates an estuarine-like

circulation, with fresher water moving out of the system at the

surface, and saline water in the deeper channels flowing upstream

into the estuary.

Shippagan (Figure 1), located on the Acadian Peninsula in

northeastern New Brunswick, experiences mixed semi-diurnal tides

(Bowron et al., 2022). The tidal range in Shippagan is moderate,

typically varying between 1 to 2 m. The average current speed in the

area ranges from 0.2 to 1 m.s-1 along the coast, with variations

depending on the specific location and tidal phase. In the Shippagan

Gully, current speed exceeds 2 m.s-1 during ebb flows which is twice
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as strong as the flood flows (Provan et al., 2018). In northern New

Brunswick, residents say that the most damaging wind and waves

come from the northeast and refer to these winds and associated

violent storms as ‘les nordets’ (O’Carroll, 2008). The nearshore

wave climate at the region features significant wave heights ranging

from 0.5 m up to ~4 m and peak wave periods from 3 to 11 s. The

historical evolution of the inlet provides clear evidence of a wave-

driven net LST flowing from NE to SW (Provan et al., 2014). The

dominant wind directions in the study area were northwesterly

(NW) and southwesterly (SW), with maximum wind speeds

exceeding 16 m·s⁻¹. Seasonal variations in wind patterns were

observed, with prevailing winds shifting between northwesterly

(NW) and northeasterly (NE) during the spring. In contrast,

southwesterly (SW) winds were most common during the

summer months. During winter, winds predominantly originated

from the northwest (NW). Wind speeds exhibited seasonal

variability, with the lowest values recorded in the summer

(ranging between 12 and 16 m·s⁻¹), while the highest wind

speeds, exceeding 16 m·s⁻¹, were observed in the spring (Baker

et al., 2024).
3 Data and methodology

3.1 Wave and wind data

Wave and wind parameters were measured from the study area

by deploying a GPS-based wave buoy (Spotter buoy by Sofar Ocean)

for a period of one month (9th August 2023 to 12th September 2023)

at 12 m water depth (47.7090 N, -64.6520 E) off Shippagan gully,

New Brunswick, Canada (Figure 1). Waves were measured and

recorded at hourly intervals. The Spotter is a compact, GPS based

marine instrument designed for precise wave and wind

measurements, providing data on significant wave height, period

and direction along with wind speed and direction with reasonable

accuracy (Beckman and Long, 2022). These data are used to locally

verify the wave reanalysis data, as establishment for understanding

the wave climate and associated potential LST rates in the

study region.

Additionally, the significant wave height (Hs), peak wave period

(Tp), mean wave period (Tm), mean wave direction (mwd) and

easterly/northerly components of wind speeds (U, V) were obtained

at hourly intervals from the ERA5 global atmospheric reanalysis

(Hersbach et al., 2020) produced by European Centre for Medium-

Range Weather Forecasts (ECMRWF) for the grid point closest to

the Shippagan coast (Figure 1). ERA5 is the 5th generation

ECMRWF reanalysis with a spatial resolution of 0.25°x 0.25°for

atmospheric variables, and the wave model is based on the WAM

model (Group, 1988) with a spatial resolution of 0.5° x 0.5°. The

dataset used in this study consisted of a total of 24,458 hourly

records of wind and wave data spanning three years (2021–2023).

Based on an expected 8,760 data points per year, the total number of

records should be 26,280. However, 1,822 records were missing,

including 167 in 2021, 1,031 in 2022, and 624 in 2023. These data
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gaps occurred predominantly during the winter season, primarily

due to the influence of ice formation. Additionally, the wind and

wave climate were determined from annual averages of wind speed,

significant wave height (Hs), mean wave period (Tm), peak wave

period (Tp) and mean wave direction (MWD) from 1993-2023.

Statistical approaches were employed to conduct a quantitative

comparison of local wave measurements to the reanalysis data

(ERA5) using metrics such as bias (BIAS) (Equation 2), root-

mean-square error (RMSE) (Equation 1), and correlation

coefficient (R) (Equation 3). The details are given below.

RMS error

The root-mean-square error (RMSE) is used to evaluate the

accuracy of the reanalysis data (predictions, Pi) compared to the

measurements (observations, Oi):
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RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
no

n
i=1(Pi  −  Oi)

2

r
(1)

BIAS

The bias expressed the mean error or difference between the

observations and predictions:

BIAS =
1
no

n
i=1(Pi  −  Oi) (2)

Correlation coefficient

The Pearson correlation coefficient (or R value) measures the

degree of correlation between observations and predictions, with

values ranging from -1 (negative correlation) to 1 (positive

correlation). R2 values approaching unity indicate strong

correlation.
FIGURE 1

(a) The study region in the Gulf of St. Lawrence is highlighted by the red box. (b) A closer view of the Acadian Peninsula, with the ERA5 grid location
marked, approximately 50 km from the shoreline and wave spotter location. (c) A detailed view of the Shippagan Gully, showing the deployment
location of wave spotter, indicated by a circle (Source: Google Earth).
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R = on
i=1 (Pi − �P)(Oi − �O)j jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

on
i=1 (Pi − �P)2(Pi − �P)2
�� ��q (3)

n is the number of observations

Pi represents the predicted value at the ith instance

Oi represents the observed value at the ith instance
3.2 Longshore sediment transport

Most potential LST formulae require breaking wave parameters

to be specified as inputs, but global wave reanalysis such as ERA-5

typically only provide deep-water wave characteristics. In this study,

the Kaczmarek et al. (2005) formula is used to calculate potential

LST rates (Equations 4, 5) in the study region and is given as:

Qlst = 0:023   (H2
bV)  ½m3=s�, H2

bV > 0:15 (4)

Qlst =  0:00225  +  0:008   (H2
bV)  ½m3=s�,H2

bV ≤ 0:15 (5)

Additionally, we evaluate potential LST rates using the CERC

formula (USACE, 1973) and Komar (1977) in the study region. The

CERC formula, primarily designed for sandy beaches (van Rijn, 2014),

is widely used to calculate potential LST rates (da Silva et al., 2012). In

the CERC formula (Equation 6), the potential LST rate is also

expressed as a function of the breaking wave height and angle

relative to the shoreline. In the Komar formula (Equation 7), the

potential LST rate is expressed as a function of significant wave height.

Qlst = 0:023
ffiffiffiffiffi
g
Ki

r
H2:5

b sin (2qb) (6)

Qlst = 0:46rg
3

2= H
5

2=
b sin(qb)cos(qb) (7)

where Ki is the wave breaker index (Hb/hb); Hb is the breaking

wave height and hb is the water depth at breaking. This formula

assumes that the volumetric rate of potential LST ‘Qlst’ for the entire

surf zone is proportional to the average longshore current velocity

component (V) (Equation 8) and is given as:

V = 0:25kv  
ffiffiffiffiffiffiffiffiffiffiffiffi
gbgHb

p
  sin 2qb (8)

where g is the gravitational acceleration (9.81 m s-2), kv   is a site-

specific constant chosen as 2.7 based on Komar and Inman, 1970

for wave-dominated regions, and qb is the angle between the

shoreline and the crests of breaking waves. We have used

the equations proposed by Larson et al. (2010) to calculate

the breaking wave height (Hb) and breaker wave angle (qb)
(Equations 9–15) corresponding to offshore wave conditions

provided by the ERA-5 and wave buoy data (Section 3.1)

qb = arcsin
ffiffiffiffiffiffi
2p

p
  sin   qo

ffiffiffiffiffi
hb
Lo

s !
(9)

Hb = Kihb,       where   hb =   lC
2

g

�
(10)
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where l is a correction factor and is defined as

l =   dla (11)

d = 1 + 0:1649e + 0:5948e2 − 1:6787e3 + 2:8573e4 (12)

e =   lasinq
2
0 (13)

la =  ½cos (q0)=a�2=5 (14)

a = (
Cffiffiffiffiffiffiffiffiffi
gHm

p )4
C
Cg

K2
i (15)

Where C is the deep-water celerity given by C = 1.56 Tp, Cg is

the group celerity; Cg = C=2:   Lo is the deepwater wavelength, and

Ki is the wave breaker index (taken for this study to be 0.78;

USACE, 1984).

In addition to this, hourly wave parameters were extracted, and

long-term potential LST were computed for the extended period

from 1992 to 2023 to assess the long-term behavior of wave climate

and potential LST along the study region.
4 Results and discussion

4.1 Wind and wave parameters in the GSL

Figure 2 shows the annual climatology of wind speed &

direction, Hs, Tm, Tp and mwd covering the northwest Atlantic

Ocean and GSL based on 30 years of ERA5 reanalysis datasets.

Wind speed ranges from 2.8 m·s-1 to 8.8 m· s-1, with predominantly

eastward directed wind (Figure 2a). The highest annual mean wind

speed is observed in the Atlantic Ocean (8.6 m·s-1), followed by 8.2

m·s-1at the mouth of the GSL, Cabot strait (Figure 1a) and less than

8 m·s-1 is observed in the other region of GSL. Interestingly, the

annual averaged wind speed along the Shippagan region is higher

(>7.0 m·s-1) as compared to nearby regions inside the GSL.

Similarly, annual averaged Hs across the region ranges from 0.2

to 2.7 m, while across the GSL it ranges from 0.2 to 1.5 m (see

Figure 2b). The higher Hs values are observed in the Cabot Strait

(southeastern mouth of the Gulf; see Figure 1a), ranging from 1.4 to

2.1 m. The annual average Tm across the GSL varies between 1 s and

8 s, while the annual average Tp ranges from 1 s to 9 s. The longest

wave periods are typically observed in the southeastern entrance of

the Gulf, particularly in the Cabot Strait, where waves generated by

North Atlantic storms propagate into the region. Wave direction in

the GSL also exhibits significant variability, with annual values

ranging between 180° and 340°, indicating the influence of multiple

wave-generating systems, including local wind-driven waves and

swell originating from the Atlantic Ocean. Closer to the Acadian

Peninsula, the mwd is more constrained, with annual averages

ranging from 90° to 160°, reflecting the predominance of regionally

generated waves and the influence of the complex coastal geometry

on wave propagation patterns. This phenomenon is primarily
frontiersin.org
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attributed to the westerly winds, which generate waves over a large

fetch, and the influence of Atlantic swells entering the GSL through

its mouth. However, these swell waves originating from the Atlantic

have less impact on other parts of the GSL, mainly due to the

geographical configuration of the Gulf. The GSL is surrounded by

landmasses and has a narrow opening to the ocean, which limits the

fetch area and hinders the sustainment of long-period waves within

the Gulf. Consequently, waves inside the GSL are primarily locally

generated by the influence of local winds rather than originating

from the Atlantic Ocean.
4.2 Nearshore wave characteristics

4.2.1 In situ observations
Time series and distribution plots of wave characteristics (Hs,

Tm, Tp, and mwd), obtained from a one-month deployment of a

Spotter buoy in the shallow region off Shippagan, are shown in

Figures 3 and 4a–c to illustrate short-term wave variability.

Throughout the observation period, the average Hs, Tm and Tp

were 0.5 m, 3.5 s and 4 s respectively, and are predominantly from

the southeast (130°). The Hs ranged from 0.2 m to 2.8 m, while Tm
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and Tp ranged from 1.0 s to 6.0 s and 1.0 s to 7.0 s respectively. The

maximum Hs observed during this period in the was 2.7 m,

accompanied by a Tm of 6.5 s and a Tp of 8.1 s. The second

highest Hs recorded during the measurement period was 1.8 m, with

a Tm of 6.0 s and a Tp of 6.5 s (Figure 3). Interestingly, 90% of the Hs

was in the range 0-1.0 m, predominantly from southeast (120°

-160°) (Figure 4a). For the remaining 10% of the observation period,

Hs was in the range 1.0-2.8 m. Mean wave periods were between 3–4

s for 44% of the time, between 2.0-3.0 s for 37% of the time, and

between 4.0-7.0 seconds for 19% of the time (Figure 4b). The

distribution of peak wave periods indicates that 16.5% fall within

the range of 0–3 s, 64% within 3–6 s, and 19.5% within 6–9

s (Figure 4c).

To examine the relationship between wind and wave, near-

surface wind speed and direction were compared directly with wave

parameters. In-situ reveals a moderate positive correlation of R =

0.6 between observed Hs and wind speed (Figure 5a). Additionally,

ERA5 wind data from the nearest offshore grid point were

compared with in-situ Hs, revealing a correlation of R = 0.5.

Wind direction data from both the Spotter buoy and ERA5 also

showed a correlation of R = 0.5 with observed wave directions,

reinforcing the consistency between local wind fields and wave
FIGURE 2

Annual mean of (a) wind speed, (b) significant wave height (Hs), (c) mean wave period (Tm), (d) peak wave period (Tp) and (e) mean wave direction
(MWD) extracted from ERA5 reanalysis data (1992-2023) extending across the GSL and the northwest Atlantic Ocean (Source: Hersbach et al., 2020).
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patterns (Figure 5b). Rose diagrams (Figures 4d, e) show that

although stronger winds are often associated with higher Hs,

exceptions exist. Some instances of high wind speed resulted in

low Hs, likely due to unfavorable wind direction relative to available

fetch. Most wind events (60%) were directed southwest, with 30%

from the north-northwest. ERA5 wind directions were more evenly

distributed but still showed southwest dominance. This further

supports the influence of fetch-limited conditions, where even high

wind speeds may not lead to large wave development (Holthuijsen,

2010; Young, 1999).

It is acknowledged that the limited temporal scope of the in-situ

observations may not fully capture longer-term or seasonal

variability. Despite its short duration, the buoy dataset helped

confirm the dominance of locally generated wind-seas in the
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region and the minimal influence of Atlantic swell, consistent

with previous studies (Ardhuin et al., 2010; Ruest et al., 2013). To

address the limitations of the short in situ deployment, three years

of ERA5 reanalysis data were analyzed to provide a more

comprehensive understanding of the regional wave climate and

its implications for potential LST across the study domain. The

Spotter buoy observations were used to validate the ERA5-derived

wave parameters, and this validated ERA5 dataset will be further

utilized to investigate wave dynamics at multiple temporal scales,

supporting a more robust assessment of wave-driven processes

along the Shippagan coast. These aspects are further explored in

the following sections, where the spatial and temporal variability of

wave climate and associated LST patterns are discussed in

greater detail.
FIGURE 3

Time series of measured wave parameters (a) significant wave height (Hs) (b) mean wave period (Tm), (c) peak wave period (Tp) and (d) mean wave
direction (MWD) from the study region at 10 m water depth. Red box represents the high wave conditions observed during the time of observation
from the study domain.
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4.2.2 In-situ vs ERA5 comparison
Continuous data collection throughout the year in the GSL

region is challenging due to extreme weather and ice formation

during winter, which can damage or result in the loss of

instruments. To extend the dataset for long-term wave climate

analysis, in-situ summer wave observations were compared with

ERA5 reanalysis data extracted from the nearest offshore grid point

(~60 m water depth), located approximately 50 km from the Spotter

buoy site. This comparison aims to provide a comprehensive

understanding of the wave climate despite the difficulties in

maintaining year-round data collection. The measured wave

parameters were compared to ERA5 wave parameters and are

presented in Figure 6. Hs from the ERA5 dataset were in

reasonable agreement with the nearshore observations during the

period of measurement, with R = 0.92, BIAS = -0.16 m, and RMSE =

0.2 m. Additionally, we applied the wave transformation equation

proposed by Larson et al. (2010) to convert deep water wave

characteristics to nearshore conditions. This approach allowed us

to estimate wave parameters within the breaking zone and

subsequently compute LST, following a widely accepted

methodology (Almar et al., 2015; Chowdhury and Behera, 2017).

The transformed breaker wave heights were then compared with in-

situ observations, as shown in Figure 6A. Results indicate strong

agreement between the transformed Hs and observed values, with a

correlation coefficient, R=0.91, BIAS = –0.12 m, and RMSE = 0.25

m, supporting the reliability of this method for LST computations.

For mean wave periods, R = 0.88, BIAS = -0.63 s, and RMSE = 0.8 s.

Waves in the study region predominantly originate from the
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southeast (90° &180°), driven by geological factors that allow for

an extensive fetch in this direction. In contrast, waves from the west

(180° & 360°) are minimal due to the presence of land, which limits

the fetch and wave development. However, ERA5 wave direction

underpredicts/overpredicts are widely acknowledged by several

researchers (Anusree and Kumar, 2024), resulting in a low

correlation (R = 0.57), high bias and RMSE values (-23 deg and

70 deg).

4.2.3 Wave characteristics from ERA5
The wave parameters over three years (2021-2023), obtained

from the nearest available grid point to the study region (Figure 7).

The analysis of wave characteristics in the study area, based on

ERA5 wave data from 2021 to 2023, reveals significant seasonal

fluctuations and notable extreme wave events (Figure 7). The

Shippagan coast of the Gulf of St. Lawrence experiences seasonal

sea-ice formation, which is evident from gaps in the wave data

(Figure 7) and is explicitly accounted for in the ERA5 reanalysis.

During ice-covered periods, wave energy is dissipated through

interactions with the ice cover. As a result, no wave activity in the

surf zone. The annual mean Hs for 2021, 2022, and 2023 was 1.2 m,

1.2 m, and 1.1 m, respectively, with a maximum inter-annual

variation of less than 4%. During the study period, Hs reaches a

maximum of 7.6 m (September 2022) in response to the post-

tropical storm Fiona followed by a maximum of 7.3 m (December

2022) due to winter storms (Figure 7). Interestingly, the maximum

Hs did not exceed 6.0 m in other two years. The Hs values of 4.0 m

or higher occurred 1% of the time in 2021 and 2023, but this
FIGURE 4

Rose diagram representing the frequency distribution of measured wave parameters (a) significant wave height (Hs) (b) mean wave period (Tm) (c)
peak wave period (Tp) by mean wave direction (d) measured wind speed and (e) ERA5 wind speed at nearest grid location by wind direction.
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increased to 2% in 2022 due to extreme post-tropical storm.

Comparing post-tropical storm Ida and Lee with Fiona, the

increase in the Hs is due to the track of the storm along with

wind speed and the pressure variations (Figure 8). This interannual

variability underscores the significant influence of extreme weather

events on the study region.

Seasonal analysis reveals that the highest Hs was observed

during the fall (September-November) and winter (December-

February) seasons, coinciding with the hurricane season. During

this period, Hs reached peaks of 5.7 m in winter 2021, 7.6 m in fall

2022 and 5.6 m in winter 2023. Spring exhibited the smallest Hs

values due to calmer winds, while summer Hs ranged from 0.1 to 3.5

m, averaging 1 m across the three years. In 2022, the average Hs and

Tm showed notable variations compared to 2021. Winter in 2022

experienced a 22.3% increase in Hs and a 7.6% increase in Tm.

Spring in 2022 saw a 21.1% decrease in Hs and a 7.6% decrease in

Tm. Fall showed a 5.9% increase in Hs but a slight 1.1% decrease in

Tm. Summer recorded a 5.3% decrease in Hs and a 2.4% decrease in

Tm (Figure 9). In 2023, the trends varied when compared to 2022.

Winter in 2023 observed a 15.6% in Hs and a 6.3% decrease in Tm.

Spring saw a 4.1% increase in Hs and a 1.6% increase in Tm. Fall

recorded an Hs decrease of 8.8% and a Tm decrease of 1.7%.

Summer showed a 12.5% increase in Hs and a 7.6% increase in
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Tm (Figure 9). The findings reveal that in 2022, the winter season

experienced the most pronounced high wave conditions. However,

in 2023, this pattern shifted, with the summer season exhibiting

notably higher wave conditions. This analysis highlights clear

seasonal variations in wave parameters across all three years.

Annually, waves with Hs less than 2 m dominate, accounting for

85-87% of the time, while waves between 2 and 4 m occur 11-13% of

the time, and those exceeding 4 m are rare, occurring 1-2% of the

time. Wave direction also varied seasonally, with winter waves

predominantly from the south-southwest (180-200°), shifting

slightly in spring and summer to east-southeast (148-170°), and

returning to south-southwest (168-200°) in the fall due to

seasonal storms.

Compared to the seasonal variability, the interannual variability

in Hs is relatively small, ranging from 10% to 30% depending on the

season. The lowest Tm was observed in summer 2022, at around 5.8

s, while the highest Tm occurred during winter of the same year,

reaching approximately 9.7 s (Figure 9). Across all years, the average

Tm ranged from 8 to 9.7 s during winter, with a seasonal average Tm

of 5 s. In spring, Tm ranged from 6.6-8.4 s, with an average of 4.5 s.

In summer the Tm ranges from 5.8 to 7.3 s, with an average Tm of

3.8 s and in fall, Tm ranges from 8 to 9.1 s, averaging 4.5 s (Figure 9).

Irrespective of seasons or years, mean wave periods are generally in
FIGURE 5

Time series comparison of (a) measured significant wave height (Hs),wind speed and ERA5 wind speed (b) measured mean wave direction, wind
direction and ERA5 wind direction in the study region.
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the range Tm = 6.0-9.7 s. This observation aligns with previous

research highlighting that the GSL’s semi-enclosed nature and

frequent storm activity contribute to a wave climate primarily

influenced by short to intermediate-period waves (Thomson and

Emery, 2014). The above results indicate that wave activity in the

GSL is predominantly driven by regional wind systems, which

aligns closely with the in-situ observations described in section 4.2.
4.3 Potential longshore sediment transport
rates

Potential LST rates were estimated using the widely-used bulk

empirical formulae, i.e., CERC, Komar and Kaczmarek formulae,

for the years 2021, 2022 and 2023 which rely primary on breaker

wave characteristics. Although several other LST formulations exist

(e.g., Kamphuis, 1991; Bayram et al., 2007; Van Rijn, 2014), their

application requires site-specific inputs such as beach face slope and

median sediment grain size (D₅₀), which are currently unavailable

for our current analysis. According to CERC formula, the estimated
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rates were 1.7x10⁵m3, -6.0 x10⁵m3 and 6.4 x10⁵m3, respectively. In

contrast, Kaczmarek provided estimates of -3.2 x10⁵ m3, -6.1 x10⁵

m3 and -1.8 x10⁵ m3 for the same years (Table 1). Gross potential

LST rates vary from 21.8 to 24.7 x 105 m³ using the CERC method

and from 7.6 to 9.5 x 10⁵ m³ using the Kaczmarek equation.

Estimates from Komar formula, the net potential LST rates were

1.8x10⁵ m3, -6.2 x10⁵ m3 and 6.5 x10⁵ m3 and gross transport rates

ranging from 22.3 to 25.6 x 105 m³. These values were generally

consistent with the CERC estimates, as both methods rely on similar

wave breaking parameters. A positive sign indicates sediment

transport towards the northwest, while a negative sign represents

transport towards the southeast, relative to the shoreline alignment

in the Shippagan region. This directional discrepancy is primarily

due to differences in the sensitivity of each formula to wave energy,

and their respective parameterizations such as the power of breaker

height (Hb) used combined with the influence of seasonal and

event-scale variability in wave conditions. Hourly potential LST

rates (Figure 10) were estimated using three different formulas, and

the results indicate that winter is the dominant season for major

transport, followed by fall and spring, with summer being the
FIGURE 6

Comparison between (a) measured Hs, ERA5 Hs and Breaker zone Hs (b) measured and ERA5 mean wave period (Tm) and (c) measured and ERA5
mean wave direction (mwd) from the study region.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1579807
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Thomas et al. 10.3389/fmars.2025.1579807
period of least transport during the time of calculation.

Additionally, three post-tropical storms and their associated

potential LST rates were analyzed. Among these storms, the

highest transport occurred in 2022 due to Fiona, followed by IDA

in 2021, and the lowest transport was associated with Lee in 2021

(Figure 10). Notably, the potential LST rates estimated using the

CERC and Komar formulas were four times higher compared to

those calculated with the Kaczmarek formula, primarily due to

differences in the equation parameters. These potential LST

estimation rates align with the previous study in the GSL by

Armon and McCann (1977) and the results showed that the net

potential LST is directed southeastwards. However, this does not

provide a direct one-to-one comparison, as the range of values is

derived from a previous study where shoreline alignment and wave

characteristics differ from those in the current study area.

Nonetheless, it remains the closest available study relevant to the
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present study region. The different methods resulted in significant

variations in the gross and net potential LST rates. The CERC,

Kaczmarek and Komar equations offer insights into the potential

ranges of potential LST along the study area. Due to the site-specific

coefficients inherent in each equation, direct comparisons of

potential LST estimates from CERC, Kaczmarek and Komar

formulas are not feasible. For example, the CERC method is

sensitive to wave breaking parameters and best suited for uniform

sandy beaches (Van Rijn, 2014), while Kaczmarek incorporates

energy flux and sediment response, and Komar relies on simplified

wave power formulations. Additionally, critical factors such as sea

ice which suppresses wave activity and halts sediment transport

during ice-covered periods and spatial variations in sediment size

and beach slope are not accounted for in these formulas, further

limiting their accuracy in complex environments like the Shippagan

coast. Numerous researchers have reported the potential ranges of
FIGURE 7

Time series plot of significant wave height (Hs), mean wave period (Tm) and mean wave direction (mwd) for 2021, 2022 and 2023 with three major
hurricanes(Ida, Fiona and Lee) highlighted.
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LST rates at various locations globally, highlighting the variability

and site dependency of these estimates (Kamphuis (1991), Bayram

et al. (2001), and Mil-Homens et al. (2013)).

A seasonal analysis of potential LST offers valuable insights into

the variation in sediment movement across different seasons and

highlights the potential LST rates during extreme weather events.

Figure 11 illustrates a time series plot that compares the potential

LST rates over several years, categorized by seasons, using both the

Kaczmarek, CERC and Komar formulas. This analysis helps in

understanding how seasonal changes and extreme events influence

sediment transport dynamics, offering a comprehensive view of

how these formulae perform under varying environmental

conditions. Seasonal analysis revealed that in 2021, winter and

spring accounted for 66% of the total sediment transport, with

significantly lower transport observed during summer. Similarly, in

2022 and 2023, winter contributed 52% of the total transport,

followed by 23% in fall, with the remaining transport occurring in

spring and summer. These variations clearly reflect the significant

intra-seasonal and inter-annual changes in wave characteristics

within the study region, which are key drivers of the variability in

potential LST rates. Understanding these fluctuations is crucial for

coastal management and predicting future sediment transport

under different wave climate conditions.

However, these typical patterns can be altered by the occurrence

of storms or extreme events, which significantly impact potential
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LST rates, as evidenced in our study. To understand the impact of

storm events, particularly hurricanes, on potential LST rates, we

selected three significant post-tropical storms, one in each year,

which provided a valuable opportunity for comparison.

Remarkably, each of these post-tropical storms occurred during

the same month in consecutive years, offering a unique context to

examine their effects on sediment transport dynamics. The storms

analyzed in this study are Ida (2021), Fiona (2022), and Lee (2023),

as outlined in Figure 8. By focusing on these specific high-energy

events, our aim is to quantify the potential LST rates during each

storm and evaluate how the intensity and trajectory of each

hurricane influenced sediment movement and shoreline changes.

This comparison allows us to gain insights into the role of extreme

weather in shaping coastal sediment transport processes over time.

As Hurricane Ida passed through the GSL in 2021, a Hs of 5 m

and a Tm of 8 s were recorded near the Shippagan coast (Figure 12).

The net potential LST rates during this event were estimated to be

0.9x103 m³·h-1 using the Kaczmarek formula, 7.5x103 m³·h-1 using

the CERC formula and 7. 6x103 m³·h-1 using the Komar formula. In

2022, Fiona generated even higher waves, with significant wave

heights of around 8 m and wave periods of 9 s. The net potential

LST rates for this event were estimated at -4.0x103 m³·h-1 using

Kaczmarek, -7.0x103 m3·h-1 using CERC formula and -7.3x103

m3·h-1 using Komar. In 2023, Lee, though less intense, generated

significant wave heights of 3 m and a wave period of 7 s. Despite its
FIGURE 8

Tracks of all the three post-tropical storms along the Atlantic Ocean. Zoomed box shows the track of each storm passing through the study region.
Wind speed (Ws) and Pressure (Pr) of each storm is mentioned in the figure (Source: NOAA Hurricane center).
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lower intensity, it still caused notable sediment transport, with net

potential LST rates estimated at 0.03x10³ m³·h-1 using Kaczmarek,

2.0x103 m³·h-1 using CERC and 1.8x103 m³·h-1 for Komar. This

indicates a potentially substantial sediment transport in response to

the intense wave energy associated with the hurricane, supporting

previous findings that highlight the critical role of extreme wave

conditions in driving coastal sediment dynamics (Freeman et al.,

2015). Notably, the highest rate of transport of all three storms

occurred during Fiona, with a dominant northeast-ward sediment

movement. Interestingly, Fiona resulted in a net potential sediment

transport towards the northeast, whereas Ida and Lee both resulted

in net potential LST towards the southwest. Figure 8 demonstrates

that the intensity of hurricanes decreases once they reach the Gulf of
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St. Lawrence (GSL). However, in comparison to other hurricanes,

Fiona maintained higher wind speeds and lower pressure, which

could generate significant wave conditions in the GSL. Conversely,

Ida and Lee experienced a more substantial decrease in intensity by

the time they reached the GSL yet still had sufficient wind speed and

low pressure to generate notable waves within the Gulf. These

findings underscore that large storms can cause rapid coastal

erosion, and the recovery from such events depends partly on the

local sand supply (Forbes et al., 2004). In this context, sand engine

techniques can help stabilize beaches by counteracting the

substantial sediment transport induced by storms.

When comparing these storm-induced potential LST rates to

those observed during the calmer summer months, it was found
FIGURE 9

Box plot of significant wave height (Hs) and mean wave period (Tm) derived from ERA5 data for the years 2021, 2022 and 2023.
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TABLE 1 Net and gross potential LST rates by season during 2021 to 2023.

LST
(105 m3)

2021 2022 2023

Kaczmarek CERC Komar Kaczmarek CERC Komar Kaczmarek CERC Komar

Annual Net -3.2 1.7 1.8 -6.1 -6.0 -6.2 -1.8 6.4 6.5

Gross 8.5 22.6 23.3 9.5 21.8 22.3 7.6 24.7 25.6

Winter
Net -1.6 -0.8 -0.8 -3.1 -2.9 -2.9 -0.5 7.6 7.8

Gross 3.2 7.8 8.1 4.7 10.9 11.2 3.7 13.4 14.0

Spring
Net -0.9 1.1 1.1 -0.3 0.5 0.5 -0.3 0.5 0.5

Gross 2.7 7.4 7.6 1.0 2.8 2.9 1.2 3.2 3.2

Summer
Net -0.3 0.8 0.8 -1.2 -1.7 -1.8 -0.4 -2.4 -2.5

Gross 1.3 3.5 3.6 1.7 3.4 3.5 0.9 3.2 3.3

Fall
Net -0.4 0.7 0.7 -1.5 -1.9 -2.0 -0.6 0.7 0.7

Gross 1.4 3.9 4.0 2.1 4.6 4.7 1.8 5.0 5.1
F
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FIGURE 10

Time series of hourly averaged potential LST rates for 2021, 2022 and 2023 using empirical formulae (a) Kaczmarek (b) CERC and (c) Komar.
Hurricane-induced potential LST rates are also highlighted.
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that post-tropical storms contributed to approximately 5% of the

total sediment transport for the entire season. Notably, Fiona

accounted for 25% of the transport during the calm season, with

the dominant transport direction towards the northeast. In contrast,

Ida contributed 30%, and Lee contributed 6% of the net transport

during the same season, both with dominant transport towards the

southwest. Hurricanes and storms during calm season can

contribute 40-50% of the total sediment transport (George et al.,

2021). This undergoes the significant role of extreme weather events

in sediment dynamics, even under typically calm conditions.

Although 25% - 30% sediment transport contribution from

post-tropical storms is substantial, it is particularly notable given

the short duration of these events, especially in the case of Fiona,

relative to the entire season. This aligns with research showing that
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hurricanes and other extreme weather events are major drivers of

coastal change, necessitating their consideration in coastal

management and mitigation strategies (Birchler et al., 2014). The

result from this study suggests that potential LST rates at Shippagan

on the GSL coast are significantly influenced by post-tropical

storms, even though these events last only a few days. The study

underscores the importance of understanding wave characteristics

and its impact on sediment transport, allowing for a greater

understanding of system behaviors, and therefore, the design of

NBS (Temmerman et al., 2013) or Natural and NBS features

(Bridges et al., 2022) to manage coastal erosion risk. Also, during

extreme events, these results contribute to the development of

appropriate NBS to enhance the resilience of coastal ecosystems

(Wang et al., 2014), facilitating the identification of areas susceptible
FIGURE 11

Time series plot of potential LST rates for Kaczmarek, CERC and Komar for different seasons.
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to erosion and habitat loss. As the frequency of storms is projected

to increase in the coming years (Kossin et al., 2020) it becomes

increasingly vital to understand the sediment budget and its

response to a changing climate. This knowledge is essential for

preparing effective coastal management strategies and

implementing NBS that enhance resilience to these dynamic

environmental conditions.
4.4 Long-term analysis

To assess long-term understanding in wave conditions and their

influence on potential LST along the Shippagan coast, we extended

our analysis for 30 years (1993-2023) as shown in Figure 13. Annual

average Hs exhibited considerable interannual variability, ranging

from 0.95 m (2001) to 1.17 m (2021). Trend analysis revealed a

steady increase of approximately 0.4 cm/year (Figure 13a),

indicating a gradual intensification of wave energy in the region.

During the long-term analysis, the Kaczmarek’s net potential LST
Frontiers in Marine Science 16
varies between -4.8x10⁵ m3 and 8.8 x104 m3 with a general trend of

southeast transport (Figure 13b). However, some years displayed

short-term directional reversals, reflecting the sensitivity of

transport pathways to interannual variations in wave direction

and energy. In contrast, both the CERC and Komar methods

revealed stronger and more persistent northwest-directed

transport, with net annual values ranging from -4.7 x10⁵ m3 to

1.2 x106 m3 and -4.8 x10⁵ m3 to 1.2 x106 m3 (Figure 13b). These

estimates suggest that CERC and Komar are more responsive to

high-energy wave events, likely due to their reliance on Hb raised to

the power of 2.5, compared to 2 in the Kaczmarek formulation. As a

result, high-magnitude events, especially when aligned in one

direction, can disproportionately influence net annual LST in

CERC and Komar, sometimes reversing the direction as seen in

Kaczmarek, thereby explaining the divergence in net transport

direction across methods under the same wave forcing. This is

clearly evident in higher gross transported years (> 2x106 m3/yr)

such as 2000, 2021, and 2022 (Figure 13c) where CERC and Komar

yielded strong positive net transport, while Kaczmarek showed a
FIGURE 12

Time series plot represents the potential LST rates during the different hurricane periods, comparing three empirical formulas and the rose diagram
represents the wave characteristics during the time of Ida, Fiona and Lee events.
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slight negative net. In 2010, which recorded the highest annual Hs

(Figure 13a), all three formulations showed elevated gross transport

rates (Figure 13c), and notably, all indicated northward net

transport with CERC and Komar showing substantial

magnitudes, while Kaczmarek also reflected the same directional

trend, though with a smaller net value (Figure 13b). Conversely, in

moderate-energy years like 2007 and 2009, all three methods

indicated net southward transport, with the Kaczmarek method

estimating a more pronounced net magnitude compared to CERC

and Komar (Figure 13b). These findings underscore the importance

of accounting for how different empirical formulations respond to

wave energy levels, as the choice of method can significantly

influence not only the magnitude but also the interpretation of

long-term sediment transport direction.

Gross potential LST estimates further underscore the

differences between these empirical models. The Kaczmarek

method produced gross potential LST rates ranging from 4.7x105

m³ to 9.5x105 m³ annually. In comparison, the CERC and Komar

formulas yielded gross potential LST rates between 1.2 × 10⁶m³ and

2.6 × 10⁶ m³, generally two to three times higher than those from
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Kaczmarek (Figure 13c). The trend analysis revealed a consistent

increase in LST rates, estimated at ~7,400 m³/year using the

Kaczmarek formula and ~18,000 m³/year for both the CERC and

Komar formulations (trendline is not shown in figure). It is

important to note that under varying environmental conditions,

these empirical equations may tend to over- or underestimate LST

rates. Several studies have reported that the CERC formula often

overpredicts transport rates, particularly in energetic wave

environments, and have recommended alternative formulations

for improved accuracy (e.g., Shanas and Kumar, 2014). While all

three empirical models offer useful first-order insights into potential

LST patterns, their outputs must be interpreted cautiously,

especially in dynamic coastal environments like the Shippagan

region where factors such as seasonal sea ice cover, beach slope

variability, sediment grain size (D₅₀), and storm-induced wave

conditions contribute to the complex nature of sediment

dynamics in this region. Notably, all methods consistently showed

enhanced potential LST rates during years with higher average Hs,

reinforcing the role of wave energy as a dominant driver of

sediment movement along this coast.
FIGURE 13

(a) Yearly average significant wave height (Hs) during 1993–2023 with liner trendline (b) Yearly net potential LST estimates during 1993–2023 for
different empirical formulas (c) Yearly gross potential LST estimates during 1993–2023 for different empirical formulas.
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5 Conclusions

This study provides new insights into the inter-seasonal and

extreme wave climate near the Shippagan region in the Gulf of St.

Lawrence (GSL) using as a combination of measured and ERA5

hindcast data. This data will aid in understanding the contemporary

and potential LST regimes in the study area. The average wave

characteristics during the time of measurement revealed an Hs = 0.5

m, Tm = 3.5 s and Tp = 4.0 s with predominant incident waves coming

from the southeast direction. Similarly, the annual mean Hs from

ERA5 for 2021, 2022, and 2023 was 1.2 m, 1.2 m, and 1.1 m,

respectively, with a maximum inter-annual variation of less than

4%. Based on these wave characteristics, the annual net potential LST

rates were estimated using the CERCmethod for 2021, 2022 and 2023

were 1.7x10⁵ m3, -6.0 x10⁵ m3 and 6.4 x10⁵ m3, respectively. In

contrast, Kaczmarek estimated -3.2 x10⁵ m3, -6.1 x10⁵ m3 and -1.8

x10⁵m3 for the same years. Likewise, the gross potential LST rates vary

from 21.8 to 24.7 x 105 m³ using the CERC method and from

Kaczmarek, it varies from 7.6 to 9.5 x 10⁵ m³. The net potential LST

rates estimated using Komar formula were 1.8x10⁵ m3, -6.2 x10⁵ m3

and 6.5 x10⁵ m3, with corresponding gross transport rates ranging

from 22.3 to 25.6 x 105 m³. The Komar estimates closely aligned with

those from the CERC method, reflecting the similarities in the wave

breaking parameters. The seasonal analysis showed that winter and

spring together contributed 66% of the total gross sediment transport

in 2021, while summer experienced notably lower transport rates.

Likewise, in 2022 and 2023, winter accounted for 52% of the total

gross transport, followed by 23% in fall, with the remainder distributed

between spring and summer. By the impact of post-tropical storms,

the potential LST rates during these years revealed that 5% of the gross

total transport in the entire season is influence by hurricanes. Notably,

post-tropical storm Fiona accounted for 25% of the gross potential

transport during the calm season, with the dominant transport

direction towards the northeast. In contrast, Ida contributed 30%,

and Lee contributed 6% of the gross transport during the same season,

both with dominant transport towards the southwest. Additionally,

long-term analysis of wave climate variability and its influence on

potential LST along the Shippagan coast using ERA5 reanalysis data

spanning from 1992 to 2023. The analysis reveals a steady increase in

Hs at a rate of approximately 0.4 cm/year, suggesting an intensifying

wave climate in the region. Potential LST estimation reveals that

Kaczmarek formula indicates predominantly southeastward net

transport, CERC and Komar suggest a more northward direction.

Furthermore, gross transport estimates from CERC and Komar are

significantly higher up to two to three times compared to Kaczmarek.

The trend analysis revealed a consistent increase in LST rates,

estimated at ~7,400 m³/year using the Kaczmarek formula and

~18,000 m³/year for both the CERC and Komar formulations.

The results of this study highlight the potential variability and

significance of potential LST in the Shippagan region, influenced by

both seasonal wave climates and extreme events such as hurricanes.

The substantial contribution of winter storms and post-tropical

storms to potential longshore sediment transport underlines the

necessity of considering these factors in coastal management
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strategies. NBS, such as the restoration of dune systems,

vegetation buffers, and strategic sediment management, could

play a vital role in managing erosion-related risk to communities,

infrastructure and valued assets. These solutions can help adapt to

changing wave patterns and transport regimes, while supporting

sustainable shoreline protection. This study provides a long-term

assessment of potential LST rates along the Shippagan coast.

However, certain limitations exist in the methods used to

estimate potential LST rates. The next step involves incorporating

a wave transformation model to calculate key parameters such as

longshore currents, breaker heights in the surf zone, and beach

slope. From an observational perspective, estimating D50 values

specific to the study area would enhance the precision of potential

LST rate estimations. Additionally, evaluating the impact of sand

engine interventions on potential LST rates is essential. As this

study serves as a baseline, future research should focus on the

application of advanced numerical models to improve accuracy and

expand the scope of these findings.
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