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Abstract: Shoreline continuously adapts to changing multi-scale wave forcing. This study investigates
the shoreline evolution of tropical beaches exposed to monsoon events and storms with a case study
in Vietnam, facing the South China Sea, over the particularly active 2013-2014 season, including the
Cat-5 Haiyan typhoon. Our continuous video observations show for the first time that long-lasting
monsoon events have more persistent impact (longer beach recovery phase) than typhoons. Using a
shoreline equilibrium model, we estimate that the seasonal shoreline behavior is driven by the
envelope of intra-seasonal events rather than monthly-averaged waves. Finally, the study suggests
that the interplay between intra-seasonal event intensity and duration on the one hand and recovery
conditions on the other might be of key significance. Their evolution in a variable or changing climate
should be considered.
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1. Introduction

It would be a mistake to consider the vulnerability of coastal regions as a simple response to sea
level change, assuming static coastal morphology [1,2]. On the contrary, coastal morphology is in a
constant process of equilibration at various timescales. It is generally assumed that waves are the main
driver of coastal evolution but their role is strongly non-linear, and the coastal response to unsteady
forcing is unclear [3].

Beach recovery to extreme events is also still debated as there is not even agreement on their
transient or persistent impacts [4,5]. For isolated events, departure from equilibrium is related to the
event’s intensity and duration [2,6,7]. However, no clear conclusion can be drawn when considering a
sequence of events, since both enhanced [8] and weakened effects are observed [9-11], e.g., during
the particularly stormy winter of 2013-2014 in Europe, e.g., [12]. The timescales’ interplay between
recurring events and recovery conditions appears determinant.

Existing shoreline equilibrium models (among others: [2,13,14]) show appreciable skills in
predicting shoreline location from wave energy at monthly or longer time-scales for mid-latitude,
storm-dominated coasts. However, these skills may be at fault in a so-called low-energy environment
as often encountered in the tropics. There, the beach is mostly active during occasional events and is
generally found in equilibrium with the preceding energetic event rather than current conditions [15].
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Existing equilibrium models might not be able to describe such behavior, in particular when energetic
wave events do not occur concomitantly with the seasonal peak of wave energy.

Tropical beaches are exposed to infrequent short (1-3 days) but paroxysmal storms such as
cyclones (typhoons in the western Pacific) and can rapidly adapt to these very energetic conditions [16].
They slowly recover under persisting low to moderate waves during the rest of the year. However, all
the tropical environments are not strictly low-energy, and this is particularly true in Southeast Asia as
it is affected by monsoons [17]. Typical winter monsoon events last from three days to three weeks
and can bring strong persistent swells of somewhat lower energy but longer duration than tropical
storms. There is substantial literature on the atmospheric cold intrusion affecting the Southeast Asian
coastal states every winter, e.g., [18] but the role of these energetic events on shoreline evolution has
not been investigated. Clearly, they are active processes for shoreline erosion and must be compared
with the effect of short-term storms. Their particularly long duration may be a crucial element of
their beach response as the beach may have sufficient time to adjust to the energetic conditions and
reach equilibrium.

In this paper, we investigate the video-derived shoreline evolution of Nha Trang beach, Vietnam,
over the particularly active 20132014 season, with numerous winter monsoon events and storms,
including the Cat-5 Haiyan typhoon. We first investigate the role of monsoon events on shoreline
evolution compared with storms, and secondly the seasonal behavior of the beach in response to both
monthly-averaged wave forcing and wave events using a shoreline equilibrium model [2].

2. Study Site

Nha Trang is an embayed beach located in southeastern Vietnam coast, facing the South China Sea
(Figure 1, upper panel). This 6 km bay is oriented north—south and is partially sheltered from waves
by a group of islands at its southern end. This medium-sized (D5y = 0.4 mm) sandy beach is rather
uniform along the shore, and is characterized by a steep (slope ~ 0.1) upper face and a flat low-tide
terrace (~40 m wide). The tide is a mix of diurnal and semi-diurnal, with a small tidal range (<1.6 m).

2.1. Typhoons

The Northwest Pacific is the most cyclogenetic region on earth. Of the 16 tropical storms that turn
into typhoons (JTWC 2013) annually, about one-third propagate westward to South China Sea [19].
Every year, 4-6 typhoons hit Vietnam [20], typically between August and December, but the risk
of landfall varies strongly at seasonal and interannual scales, e.g., [19,21]. The year 2013 came after
two years of La Nifia conditions, resulting in strong sea surface temperatures, which favored cyclone
generation [22]. As a consequence, 2013 was observed to be the most active typhoon season since
2004, and the one with most casualties since 1975. Among the 10 typhoons landing in Vietnam in 2013,
Cat. 5 Haiyan in early November turned into one of the world strongest recorded tropical cyclones [23].

2.2. Monsoons

Summer monsoons (May to September) drive relatively weak, short-period southwesterly waves
in the South China Sea. The inception of winter monsoon (October to April), caused by high-pressure
systems in Siberia, drives strong northeast winds. Because these pressure systems form every three
days to three weeks, wind pulses occur at these timescales. As a result, the winter monsoon generates
energetic waves larger than 2.5 m off the Vietnamese coast [24], reaching values up to 4 m, which
stands for the 10% exceedance level of wave climate [25].
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Figure 1. Study site, (a) Nha Trang each, Vietnam, facing the South China Sea. Images from the video
system during (b) calm summer season and (c) Cat. 5 Haiyan typhoon.

From its orientation, Nha Trang region is mainly sheltered from summer monsoon which consists
in very calm conditions. It can be considered that this stretch of coast is under the influence of winter
monsoons and typhoons only [26,27].

3. Methods and Data

A video station was installed in May 2013 [26] in the central part of Nha Trang Bay, is considered
far enough from the influence of the edges of the bay and is predominantly influenced by cross-shore
rather than by longshore dynamics [27,28]. Hydrodynamic (waves, currents, tides) and morphology
(intertidal and submerged bathymetry and shoreline) can be extracted from secondary images,
timestack, and average images [27,29]. In this study, the shoreline was extracted manually at a
single cross-shore section of the beach. It is estimated as the video-based average between maximum
and minimum runup excursions over 15-min images and during daylight and night hours. Hourly tidal
modulation of the shoreline location was averaged out using daily means. Wave fields were extracted
from ERA-interim global reanalysis provided by the European Centre for Medium-Range Weather
Forecasts (resolution of 0.5°, every 6 h [30]) at the closest node off Nha Trang, and validated over a two
month period using a local wave gauge. This validation was successful (coefficient of determination
R? = 0.87, RMSE = 0.26 m) down to event scale, which made it possible to extend our study
over a full annual period, from 1 August 2013 to 1 August 2014. The period starts from summer
monsoon conditions until October, and then winter monsoon lasts until April when a new summer
monsoon begins.

Observations of waves and shoreline changes were used to calibrate the parametrical model
of equilibrium shoreline position ShoreFor [2,31] accounting for cross-shore transport processes.
This model was chosen as it was applied successfully at various sites for predicting the daily to seasonal
shoreline response to waves compared to other models more dedicated to long-term interannual
evolution [32]. This one-dimensional shoreline prediction model has the form

dx i _
E—b+c(F +7rF7) 1)
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where b and ¢ are calibrated coefficients, r the ratio between erosive and accretive shoreline change,
and F* is the shoreline forcing, which depends on disequilibrium with anteceding wave conditions

F* = P5(Q — Q) @

where P is wave power (o< Hs?Tp), with Hs and Tp as the deep water significant wave height and peak
period, (2 and (2, are the instant and time-varying dimensionless fall velocity such as

2¢ )
Qe = [Z Qeqlo_l/(f)] ®3)
i=1

with (2 defined as 2 = Hs/wT,, where w is the settling velocity and is a function of the site-specific
median grain size (Dsp). In Equation (3), 7 is the day prior to present, ¢ the number of past days where
the decaying exponential function reaches 10% (more details in [2,14]).

4. Results

The offshore wave forcing for the one year study period is presented in Figure 2a. The southeast
coast of Vietnam is partly sheltered from summer monsoon low-energy wind-waves (Hs <1 m, Tp < 4s).
The winter season presents more energetic swell (Hs ~ 1.7 m, Tp = 7-8 s) and larger variability, with
largest values (Hs ~ 3 m, Tp = 10 s) during monsoon events. Waves during typhoon events have
similar magnitude but shorter duration (<3 days). The shoreline (Figure 2a) is stable or even slightly in
accretion till the end of summer monsoon in October, and then begins an erosive phase during winter
monsoon until February when it reaches its most landward location, before migrating seaward again.
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Figure 2. (a) Video-derived shoreline location X (red), wave height Hs from Era-Interim (black)
and from buoy (gray) off Nha Trang, with the monthly envelope of intra-seasonal Hs (from 3 to
30 days) in blue. (b) Results from the shoreline equilibrium model ShoreFor (black, with uncertainty
as shaded area), compared with the observed daily shoreline position (red) and in (c) the respective
correlations squared for different ¢ values. In panels a,b, negative and positive X values stand for
erosion and accretion from the mean, respectively. In a—c, thin and thick lines are daily and monthly
data respectively.
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This seasonal pattern (duration > 30 days) hides important intra-seasonal (or synoptic scale,
i.e., winter monsoon events) variability with shoreline variations reaching 10 m during typhoon
events and during long-lasting winter-monsoon events with durations from three days to three weeks.
Even though the magnitude of shoreline retreat of these events is similar, Figure 2a shows that monsoon
events have a more persistent impact with longer recovery (i.e., 10 to 20 days) than typhoons which
takes a few days at most (sometimes within less than a day). While typhoon events were frequent
at the beginning of the winter season, from October to December 2013, the magnitude of monsoon
events increased and peaked in January to February of 2014. This coincided with already decreasing
monthly-mean wave height but, surprisingly, the monthly-mean shoreline still eroded.

To investigate this two-month lag between monthly-mean waves and shoreline, the empirical
shoreline equilibrium model ShoreFor (Equation (1)) was applied on daily wave and shoreline data.
In Figure 2b the model shows good skills (R? = 0.8, RMS = 1.2 m) at intra-seasonal (larger than
three days) and seasonal scales but miss short-lived storm impacts. The best correlation appears
for a lag ¢ of 50 days (Figure 2c), which is much larger than the actual morphological response
time of a few days observed at this beach. To investigate this point further, the model was forced
with monthly-averaged waves and with the monthly envelop of intra-seasonal events (Figure 2b).
The latter is done by means of the Hilbert transform, already applied successfully to study wave

groupiness [33,34], ’Hshf (t) + H{ Hs" (t) } ‘lf where H denotes the Hilbert transform operator and | | 'f
a low-pass filter operator, taking 30 days as the cutoff period separating short term (if) and monthly (If)
timescales. Both monthly estimates well predict the seasonal shoreline behavior (Figure 2b), although
that using the envelope gives more accuracy (R? = 0.8 and R? = 0.9, RMS = 0.5 and RMS = 0.3 m for
monthly-averaged and envelope cases, respectively). Interestingly, the main difference rises from
¢ value in Figure 2c, which is similar (52 days) for monthly-averaged and daily data, but 0 for the
envelope, indicating that the shoreline is in phase with the monthly envelope of energetic intra-seasonal
events. Therefore, the shoreline is in better equilibrium with wave intra-seasonal events than monthly
mean wave energy.

5. Discussion

One of the most striking points of this study is the wave energy provided by monsoon events
and their dominant role on shoreline evolution. In contrast, while typhoons have large ephemeral
impacts, our results show that the shoreline recovers rapidly. There is no evidence for a persistent
influence, as suggested for short-lived storms by [35] and [36]. This is confirmed here using the
ShoreFor model that presents good skills at predicting intra-seasonal and seasonal scales but poorly
describes short-term typhoon-induced dynamics (see Figure 2b, October to November). Recurrence of
typhoons is more than 10 days so that they can be considered isolated and without cumulative effect [5].
Winter monsoon events have impacts of similar magnitude to typhoons but with longer recovery,
which is close to their observed recurrence period. Therefore, they can be considered as a sequence,
as the beach cannot fully recover between events and is constantly moving towards a high energetic
equilibrium. Note that the ratio of erosion and accretion rates for typhoons is nearly constant over
time, but not so for winter monsoons: while the erosion rate is constant, the accretion rate decreases
after each new event. This result highlights the importance of the wave event duration, to the extent
that the erosive potential will be satisfied only if the event lasts the necessary time for the beach to
establish a new equilibrium [6]. Thus for short-lived typhoons, the full erosion potential is not achieved.
Despite the significant shoreline retreat, the beach profile is likely to be far from a new equilibrium.
As a consequence, the shoreline recovery to its previous state (and shoreline position) occurs within a
few days and does not affect longer term evolution [37]. On the other hand, winter monsoon events
have enough duration to achieve their full erosion potential, thus modifying the beach to a fully new
equilibrium. The return of the shoreline to its previous position takes longer, leaving the beach more
vulnerable and for longer.
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It was previously observed that Nha Trang’s embayed beach has a seasonal rotation with
modulation of waves incidence [27], from northward summer to winter southward transport: the
north end of the beach enlarges in summer and erodes in winter, the center of rotation being localized
in the central part of the beach [38]. It is noteworthy that, even if summer monsoon has only a
weak influence compared to the energetic winter monsoon, locally generated wind-waves induce
this northward transport [26]. The shoreline at the central part of the beach close to the video system
mainly experiences translation due to cross-shore dynamics and is rather dominated by event scale.
This is similar to what has been observed elsewhere [39] where rotation and translation of the shoreline
were quantified separately.

A main outcome of this study is the long lag (50-60 days) observed between monthly waves and
shoreline location, while the envelope (Hilbert transform) of intra-seasonal monsoon events is in closer
phase with the shoreline. This suggests that, contrarily to shoreline equilibrium model paradigms [2,13],
the Nha Trang shoreline is actually in equilibrium with energetic wave conditions. This is in line with
observations by [15] at low-energy environments where the beach is assumed to be in equilibrium
with previous energetic wave events rather than with current conditions. The beach is considered
inactive the rest of the time. Here, it is the particularly long duration of winter monsoon events that
presumably drives most of the shoreline changes, with very gentle wave conditions in between which
limit the recovery potential, as observed elsewhere by [10]. In this sense, the phase-lag observed here
between seasonal means and the intra-seasonal envelope is crucial for shoreline equilibrium.

6. Conclusions

In this paper, we addressed the shoreline evolution of the tropical Nha Trang beach, Vietnam,
over the particularly active 2013-2014 season. Our results show for the first time that long-lasting
(3-10 days) monsoon events have more persistent impact than typhoons (less than 3 days), of similar
amplitude but rather transient with fast recovery. The ShoreFor shoreline equilibrium model shows
good skills in predicting seasonal shoreline behavior. The seasonal shoreline appears driven by the
intra-seasonal event envelope (from Hilbert transform) rather than monthly-averaged waves. Finally,
this paper suggests that the interplay between intra-seasonal event intensity and duration, on the one
hand, and recovery conditions, on the other, might be of key significance. Therefore, their evolution in
a variable or changing climate should be considered.
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