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Abstract  
Multiple intertidal bar (MITB) beach systems comprise a succession of 
subdued, shore-parallel sandbars, developed under low energy conditions 
in meso- to macrotidal settings. Their relatively stable morphologies over 
long timescales are commonly attributed to a dynamic equilibrium, driven 
primarily by seasonal morphodynamics. The seasonal behaviour is, 
however, poorly understood. The relationship between temporal and spatial 
hydrodynamic forcing and morphological changes were investigated 
through monthly, DGPS surveys, in Dundrum Bay (Northern Ireland) from 
April 2019 to March 2020, associated with variations in nearshore wave 
conditions, simulated using the SWAN wave model. During low-energy, 
summer conditions, SE waves helped promote MITB stability and a slight 
increase in bar crest elevation, with the seaward-most bar buffering and 
preserving the inner bar system through wave dissipation. In the winter, a 
progressive increase in wave energy, and a switch in wave direction (SW 
to S), initiated highest rates of cross-shore bar migration and a lowering of 
bar crests. While the seaward-most bar remained largely submerged, the 
shoreward-most bar played a key role in protecting the upper-beach and/or 
foredune. Winter conditions also forced a newly observed meso-scale 
longshore drift involving offshore sediment transport in the southwestern 
and onshore transport in the northeast. Cross-shore variability in MITB 
behaviour at seasonal timescales was, however, primarily driven by local 
hydrodynamic conditions, including variations in wave energy and 
direction. Conversely, alongshore variability was largely influenced by the 
complex nearshore bathymetry, headlands and an active ebb delta, all 
interacting with changing hydrodynamic forcing. These results challenge 
the seasonal equilibrium model for MITB systems and highlight longer term 
patterns of sediment movement. 
 
Keywords: Sandy coasts, Intertidal bars, Morphodynamics, SWAN, Surf 
zone, Ridge and runnel.  
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direction vary locally depending on the shoreline orientation (Pye and Blott, 
2017) but storm winds are usually from the southeast (Navas, 1999).  

The tidal regime in the outer bay is semi-diurnal with a tidal range from 
meso- to almost macrotidal. The mean spring tidal range is 3.89 m, with a 
mean neap tidal range of 2.6 m (Pye and Blott, 2017) and a maximum 
astronomical tidal range of about 5.5 m (Navas et al., 2000). A combination 
of high spring tide and storm conditions can elevate water levels by up to 
2 m above modal high tide (Carter, 1983; Navas et al., 2000). 

Both Murlough and Ballykinler beaches can be defined as dissipative 
environments with the intertidal beach containing a gentle slope and 
composed of medium to fine sand (mean grain size decreasing seaward 
from 0.643 mm to 0.116 mm (Navas et al., 2000). The narrow (< 10 m 
wide) upper beach is, in contrast, characterised by coarse sediment (gravel 
and pebbles) with a steep slope (Fig. 1c); the seaward limit of the gravel 
area usually corresponds to the high tide level (Cooper and Navas, 2004). 
Most coarse to medium-grained sediment transport is largely wave-driven 
(Pye and Blott, 2017) with little evidence (on Murlough beach) of significant 
modern aeolian supply to the dune system. 
   

2.2 Morphological dataset 
 
A total of 13 topographic surveys were conducted at Murlough and 
Ballykinler beaches (Fig. 1A), between April 2019 and March 2020. Each 
month, 14 profiles, incorporating P3 to P12 at Murlough beach and P13 to 
P16 at Ballykinler (Fig. 1A), were surveyed at low spring tide, using two 
RTK (Real Time Kinematic) Trimble R10© DGPS systems mounted on 
quadbikes. Measured points were recorded every 1 m along each profile at 
an average horizontal accuracy of +/- 0.016 m and +/- 0.017 m in vertical 
(elevation). In addition to the profiles, an intensive, high-resolution survey 
was conducted on each beach each month. These consisted of cross-shore 
profiles with approximately 10 m spacing, covering a longshore distance of 
500 m at Murlough (between P8 and P9 in Fig.1A) and 600 m at Ballykinler 
(between P14 and P15 in Fig. 1A). These selected fine-scale survey areas 
were considered as representative of the 3-dimensional morphology of each 
beach. All cross-shore profiles extended from the dune toe to the low tide 
and encompassed as many intertidal bars as possible. For each profile, 
runnel position, ridge crest position and amplitude, were manually 
identified to minimise potential error in defining bar topography from the 
DGPS profile. Repeated DGPS profiles were used to establish the long-term 
(seasonal) movement patterns of multiple intertidal bars features (MITB) 
at each beach where present. Cross-shore and longshore variability 
patterns of MITB movements were also examined. 
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characterised according to hydrodynamic forcing into two different periods. 
The summer period corresponds to lower energy conditions lasting from 
April to September 2019, while the winter season is defined by high energy 
conditions recorded between October 2019 and March 2020. Smaller waves 
were recorded within the summer season with about 70% of the offshore 
waves lower than 1 m (Fig.3, A) and a maximum Hs around 3 m. In 
contrast, the wave energy (Fig. 3, C) and the total wave energy flux (Fig.3, 
F) in winter accounted for twice the summer values, with maximum E and 
Ptot reaching 2.58e4 J/m2 and 18.66e4 W/m, respectively. Even if the 
seasonal differences were less noticeable for the wave peak period 
parameter (Fig. 3, D), summer waves were, however, associated with 
shorter peak periods (5 s) compared to winter waves (6 s). Averaged and 
maximum wave direction did not change significantly between the two 
seasons (Fig. 3, E). 

Time-series of tidal levels recorded over a year at Kilkeel station (Fig. 1C) 
are plotted in Fig. 4; periods corresponding to DGPS surveys are indicated 
by vertical plain lines. As highlighted by the figure, topographic surveys 
were only conducted during low-spring tide conditions to cover a maximum 
of intertidal beach width and reach the offshore-most bar. Consequently, 
results presented in this study are focused on seasonal morphology and 
hydrodynamics coupling, without considering the potential shorter-term 
influence of tidal cycles on MITB features.  

Offshore wave forcing (Hs and direction) and wind direction parameter, 
used for nearshore simulations in SWAN to characterise hydrodynamic 
forcing inside Dundrum Bay, are detailed in Figure 5.  The analysis of the 
13 different scenarios (S1 to S13) allows identification of the seasonality 
between summer and winter periods, as well as the variability within each 
season. While Hs tends to increase through the year, the wind and wave 
directions present a strong intra-seasonality. The summer season (S1 to 
S6) was however, driven by low-energy conditions characterised by smaller 
waves (Hs<1 m) approaching the bay from the South-East (SE), running 
from April to September 2019. The beginning of winter 
(September/October, S6 to S9) is described by medium to high-energy 
conditions and incident waves predominantly from the S to SE (180° to 
170°N). Finally, a high energetic period from November to March (S10 to 
S13) was defined by the highest waves recorded (Hs>1 m, with a maximum 
Hs about 1.9 m during S13, in February/March) and driven by S-SW 
directionality (160° to 210°N). Therefore, low to medium-energy conditions 
appear to be driven by onshore winds and mainly SE waves, while high-
energy periods are correlated with S-SW waves. 

 
 









 

 
This article is protected by copyright. All rights reserved. 

disappeared between August and September. The waning of B1 in those 
profiles followed a corresponding increase of crest elevation before it 
eventually welded to the upper beach. In the case of profiles P10 and P13, 
bar B1 was subsumed by bar B2, followed by stabilisation of B2 and 
increase in its crest elevation (Fig. 12).  

A general pattern of onshore bar migration was noted in winter on all 
profiles except for P15 and P16, which displayed offshore-directed bar 
migration. The disappearance of the offshore bar at the beginning of the 
winter season is observed in profiles P4 to P11 and P16. Profiles P7 to P16 
also experienced a loss of the landward-most bar, as indicated by 
decreasing crest elevations.  

In contrast to the relative stability of summer, winter was characterised by 
much more active onshore migration and bar crest erosion (flattening). The 
seasonal response of MITB, however, is complex and showed strong 
variability in both alongshore (intra-profile) and cross-shore (within 
profiles) directions.   

 

3.3.2 Seasonal bar shape evolution 
 

Alongside crest migration and flattening, seasonal MITB dynamics also 
involved changes in bar shape. To examine such changes, the angle of the 
seaward slope of each bar was calculated and plotted for each profile (Fig. 
13). As described above for figures 10 and 11, the solid (resp. empty) dots 
represent the summer and the filled dots (resp. winter) season; P3 and P12 
are not included, due to the difficulty to spot bars (Fig. 10), as well as the 
close proximity of the ebb delta. The most onshore bars (B1 and B2) had 
the highest variability in seaward slope spanning the lowest to highest slope 
angle (Fig. 13). Moreover, even if some variations are visible throughout 
each season, B1 and B2 seaward slopes, for profiles P4 to P7 and P13 to 
P14, tend to decrease in angle during the summer season followed by an 
increase in steepness in winter. This tendency was more difficult to verify 
for the other profiles as B1 and B2 were not consistently observable within 
both seasons. Apart from an increase in the seaward slope angle of the 
third bar (B3) of profile P13 no clear seasonal pattern was observed for 
seaward slopes of the other bars (B3 to B7 when applicable).  
 

 

Pre- (blue) and post-seasonal (red) cross-shore profiles are plotted for P4 
to P16 in Figure 14. For each surveyed profile, the left panel represents the 
summer (solid lines) while the right one (dashed lines) is for the winter. 
Net changes were then calculated using the difference of elevation between 
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the pre- and post- seasonal cross-shore profiles, to better identify seasonal 
hot spots of erosion/accretion along every profile. In general, each profile 
exhibits a specific seasonal response. Profiles P4, P5 and P7 to P14 
experience net elevation changes of higher amplitude in winter than 
summer. Profiles P6 and P15 show more morphological changes in summer 
than winter and P16 shows only minor changes irrespective of season. 
Moreover, some profiles (P10 & P11 and P14 to P16) are longer in winter 
than summer and, no profile shows a lowering of the whole beach profile 
during winter. Seasonal significant morphological changes along each 
profile were, however, correlate with bar and trough positions and their 
potential migration. Opposing seasonal variations are observed for every 
profile (P4 to P16): if positive changes were measured along a profile during 
the summer season, the same area underwent negative changes during the 
following winter. Therefore, hotspots of erosion and accretion visible during 
the summer season along each profile tended to swap during the winter 
season. 

 
4. DISCUSSION 

4.1 Alongshore variability of wave conditions 
  
 
MITB features on Murlough and Ballykinler beaches exhibited complex 
responses to seasonal hydrodynamic forcing. The summer season, from 
April to September, was characterised by dominant low-energy  wave 
conditions from the S-E (Figs. 3 and 5). In contrast, the winter period, 
October to March, was defined by moderate to high energy wave forcing 
propagating from S-SW. The wave energy dissipation and the wave-driven 
energy transport parameters displayed strong alongshore variability during 
both seasons (Figs. 6 and 7). Hydrodynamic conditions showed increasing 
wave energy dissipation and progressive rotation of the energy transport 
towards the inlet, reaching maximum dissipation rates and southward 
transport around the ebb delta, no matter the season (fFg. 6 and 7).  The 
presence of the headland at the eastern end of Ballykinler beach played a 
key role in wave energy dissipation and energy transport, as indicated by 
another maximum of wave dissipation around profile P16. The headland 
appears to significantly modify both the nearshore bathymetry and induced 
hydrodynamic/sediment circulations depending on the wave angle of 
incidence (e.g. Scott et al., 2016; Mouragues et al., 2020). Consequently, 
the alongshore variability observed at Dundrum Bay is mostly due to the 
complex nearshore bathymetry, the presence of the ebb delta and 
interactions between the local geological features (headlands) and 
hydrodynamic forcing. 

 



 

 
This article is protected by copyright. All rights reserved. 

4.2 Cross-shore migration pattern 
 

Additionally, a strong alongshore variability in cross-shore bar migration 
was observed for both seasons (summarised in Fig. 15). For each profile 
surveyed, the entire MITB system showed migration in the same direction 
(Fig. 10 and 11) implying that, in contrast with tidal timescales (e.g. 
Masselink et al., 2006; Biausque et al., 2020), smaller cells of sediment 
exchange between consecutive bars were unimportant. This complex 
pattern of behaviour is summarised in Figure 15, where seasonal cross-
shore migration is represented by a single arrow for each profile.Blue (vs. 
red) arrows symbolise overall onshore (vs. offshore) migration of the 
system at the end of both seasons. The length of each arrow depends on 
the amount of migration recorded through the season. In the literature, 
onshore migration is commonly described during summer seasons (e.g. 
Masselink, 2004; Reichmüth and Anthony, 2008; Maspataud et al., 2009, 
Jackson et al., 2016) and is attributed to the dominance of surf zone 
processes driving sediment transport from the seaward face of bars towards 
the landward side (Kroon and Masselink, 2002). Figure 15, however, shows 
marked alongshore variability in bar behaviour during the summer season. 
Profiles with maximum onshore migration (P10, P12, P13 & P15) are 
correlated with areas of moderate wave dissipation at isobath -4 m (Fig. 
6), while lower migration rates correspond to lower wave dissipation rates 
(P5 to P9).  It appears, therefore, that in areas of moderate dissipation, 
enough energy reached the coast to induce bar changes, and this was a 
key parameter in the initiation of onshore migration. Maximum wave 
energy dissipation areas were associated with profiles on which bars were 
migrating seaward (P11 & P14).  An exception occurred on P4, where bars 
migrated offshore due to an easterly-directed energy gradient (Fig. 6).  

The winter season also exhibited a strong alongshore variability in cross-
shore migration; the amplitude of migrations was, however, significantly 
higher than in summer due to higher energy wave conditions. Murlough 
beach displayed two distinct bar behaviour zones. In the western zone, 
offshore migration (P4 to P8) was associated with minimum wave 
dissipation and eastward energy transport. In the eastern zone onshore 
migration was associated with moderate to high wave energy dissipation 
and SE to S energy transport. Patterns therefore highlight a new 
mechanism for mesoscale longshore transport led by an offshore sediment 
loss in the SW end of the bay and an onshore sediment transfer in the NE 
area of Murlough beach. From a long-term perspective, this process may, 
in the absence of any fresh sediment supply, tend to deplete Newcastle 
beach and build up the Murlough side. Ballykinler beach also showed two 
different areas corresponding to different hydrodynamic forcing. Ballykinler 
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however needs to be tied into the regional geomorphological model due to 
the proximity of the ebb delta on one side and headlands on the other. 

From the summer towards the winter season, the progressive transition 
from low to higher energy conditions was associated with changes in wave 
direction from eastern to a more southern direction. This helped drive a 
modification in sediment transport patterns and a resultant cross-shore bar 
migration. In summer, low values of energy dissipation driven by low 
energy forcing are not sufficient to initiate cross-shore migration. At the 
end of the summer season, gradual increases in hydrodynamic forcing and 
tidal range led to low amplitude cross-shore migration. Finally, high energy 
conditions of the winter season appear to have forced significant cross-
shore migration; bar flattening/erosion was observed as a consequence of 
sediment transport from the crest towards the landward slope (ongoing 
onshore migration). While the summer season was relatively steady, the 
winter period was marked by high-energy storms and associated rapid 
changes in wave height and direction. For instance, energetic waves from 
SE (S10/S11, Fig. 5) were less refracted when reaching the bay, and 
induced major morphological changes in MITB, including high amplitude 
onshore migrations and significant bar crest flattening. 

Therefore, according to our observations, the wave energy reaching the 
MITB features is key parameter driving summer cross-shore migrations. 
Indeed, a significant dissipation of the waves at the isobath -4m allows a 
limited energy to reach the system and hence leads to seaward bar 
migrations. In contrast, low to moderate energy dissipation drives 
respectively low to significant offshore migration rates. Key physical 
processes driving winter cross-shore migrations are however more complex 
than in summer. Indeed, migrations and morphological changes (e.g. bar 
flattening) observed during the winter season are linked to both the wave 
energy and the wave angle reaching the MITB. 

 

4.3 Role of seaward- and landward-most bars 
 

Because of  climatic and tidal constraints, the seaward-most bar was only 
measured during the summer season on profiles P5, P6, P7, P9, P10, P11 
(B5 and B6) and P16 (Figs. 10 and 11).  When recorded, the crest elevation 
of the seaward-most bar was around -2 m: a sufficiently low tide is thus 
mandatory to access those bars. From mid- to end-summer (towards the 
September equinox), an increase in spring tidal range was associated with 
the emergence of this seaward-most bar (Fig. 4). In 2001, Navas et al. 
argued that the offshore-most bar acts as a buffer under low to moderate 
energy conditions, dissipating wave energy, protecting the MITB systems 
and driving potential onshore migration. Consequently, the most landward 
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and seaward bars at Murlough and Ballykinler beaches are the most mobile 
bars of the system and their evolution at the end of the summer is 
presented in Figure 15.  
The seaward-most bar of profiles P6 to P9 and P13 disappeared during the 
summer. These profiles corresponded to minimum wave dissipation areas 
(Fig. 15), suggesting that wave dissipation occurs closer to the shore. 
Therefore, the water level at the seaward bar may still be too high at low 
tide to allow access to the bar during the surveys. Moreover, profiles where 
flattening of the offshore bar was identified (P10 to P12 and P14) 
corresponded to where the wave dissipation at -4m isobath was maximum 
(Fig. 15). In those cases, the lower energy remaining after wave dissipation 
was focused on the offshore bar, inducing sediment transport from the bar 
crest towards the landward slope and initiating a possible onshore 
migration of the system. Finally, accretion of the offshore bar on P4 and 
P14 is associated with offshore migration through the summer. In contrast, 
the onshore-most bar is more stable during the summer, and the recorded 
tendencies of crest accretion/flattening are low amplitude changes. The 
landward-most bar disappeared on profiles P9 and P10 (Fig. 15). According 
to hydrodynamic conditions from SWAN (Fig. 7), these profiles occupied a 
transitional area characterised by medium wave dissipation levels during 
the entire summer. The demise of the onshore-most bar occurred at the 
end of summer (Figs. 11 and 12) when the tidal range (Fig. 4) and 
significant wave height (Fig. 5) started to increase, associated with a 
rotation of the wave-induced energy transport direction toward the south 
(Fig. 6). Observations suggest that changes in waves direction (Fig. 5) 
correlated with medium energy waves and higher water levels are key 
component in migration leading to the onshore bar disappearance.  
At the beginning of the winter season, the seaward-most bar of every 
profile along Murlough beach tended to disappear. As in summer, this is 
most likely due to changes in water levels and hydrodynamic conditions, 
mainly driven by an increase of the significant wave height, meaning that 
the bar is submerged even at low tide. Winter morphological changes at 
Ballykinler beach were, however, different. Profiles closer to the inlet (P13 
and P14) exhibited flattening of the seaward bar and P15 showed an 
increase of its offshore bar elevation (Fig. 15). As in the summer season, 
this variability can be explained by differences in wave energy dissipation: 
for example, P15 shows maximum wave energy dissipation forcing offshore 
bar migration and seaward bar accretion. In contrast, the landward-most 
bar behaviour throughout the entire Dundrum Bay showed an eastward 
gradient from accreted crests (P4 and P5), to flattened crests (P9 to P15) 
through a transition area (P6 to P8). It is, however, important to note that 
P7 and P8 exhibited a flattened bar at the end of the season but underwent 
brief smoothing of the entire profile in January 2020 (Fig. 7).  The measured 
patterns in winter morphological changes (black arrows, Fig. 15) 
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Figure 1: A) Study sites location showing topographic surveys set-up 
including regular profiles and finer resolution survey zones. B) Offshore 
wave recording points position for WW3 model and M2 buoy, and tidal 
station position (Kilkeel). C) Overview of Murlough beach and MITB system 
looking toward Newcastle. 
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Figure 2: Nesting scheme showing the different grids used in SWAN and 
positions of extracted outputs and DGPS profiles. 
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Figure 3: Seasonal offshore wave conditions extracted from the model WW3 
for the studied period (April 2019 to March 2020). A & B) Statistical 
distribution of the significant wave height (Hs) along summer and winter 
seasons respectively. C) Comparison of the seasonal maximum and 
average wave energy (resp. Emax and Emean) between summer 2019 and 
winter 2019/2020. D) Comparison of the seasonal maximum and average 
wave peak period (resp. Tpmax and Tpmean). E) Comparison of the seasonal 
maximum and average wave peak direction (resp. Dpmax and Dpmean). F) 
Comparison of the seasonal maximum and average total wave energy flux 
(resp. Ptotmax and Ptotmean). 
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Figure 4: Time-series of tidal levels along the studied period. Vertical lines 
represent the date of the different surveys conducted at Dundrum Bay. Red 
plots highlight the summer season while blue ones correspond to the 
winter. 
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Figure 6: Wave energy dissipation during summer (left) and winter seasons 
(right) in Dundrum outer bay, extracted from SWAN simulations. Each line 
represents a SWAN run scenario from S1 (top) to S7 (bottom) (see figure 
5). The summer season comprises scenarios from S1 to S7 whereas the 
winter season is represented by scenarios S8 to S13. Note the much higher 
(several orders of magnitude) wave energy values during winter conditions 
than in summer. 
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Figure 7: Direction of wave-driven energy transport during summer (left) 
and winter seasons (right) in Dundrum outer bay, extracted from SWAN 
simulations. Each line represents a SWAN run scenario from S1 (top) to S7 
(bottom) (see figure 5). The summer season comprises scenarios from S1 
to S7 whereas winter season is represented by scenarios S8 to S13. 
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Figure 8: Averaged longshore behaviour within the cross-shore, extracted 
from the fine scale surveys at Murlough (A and C) and Ballykinler (B and 
D), pre-/post-summer (A and B) and pre-/post-winter (C and D). 
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Figure 9: Number of bars detected along each profile during summer (upper 
panel) and winter (lower panel) seasons. Bar colours represent minimum, 
maximum and mean number of bars detected in each profile during the 
survey. 

  
















