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Abstract. Inrecentdecades, humaninterventionsalong the Danube Riverhave playedamajorinfluence onthereduction of sediment supplyalong the Danube
Delta coast, whichis nowadays affected by erosion on its widest part. The Danube Delta coast is part of the Danube Delta Biosphere Reserve, thus being desig-
nated to preserve its typical natural habitats. Therefore, Working-with-Nature concepts can be included in order to establish a sustainable maintenance plan.
A method to assess the impact of storms on beach profiles along the Danube Delta is proposed in this paper. To this purpose two beach profiles located in
the zone of the Sf. Gheorghe mouth have been chosen. The results of a Wave Climate Analysis have been used in order to reproduce extreme storms, as well
as the model XBeach in 1D approach, to simulate their effect on the chosen profiles. The proposed analysis represents a quick and effective way to estimate

the damage of extreme storms on individual beach profiles.
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1. INTRODUCTION

The Danube Delta Biosphere Reserve is both a UNESCO
and a RAMSAR site.The strategic objective for this zone is to
ensure its sustainable development, by preserving the typi-
cal natural habitats with significant biodiversity and also the
traditional way of life for the local communities, while taking
care to improve their living standards.

Climate change is expected to lead to the increase of the
frequency of storms and of the mean sea level in Europe (Ko-
vats et al.,, 2014). This will have a direct impact on low-lying
coasts, such as the Danube Delta coast. Beach erosion is es-
sential in coastal zone management (Lisi et al., 2013). There-
fore, quantifying the effects of severe storms on beaches is a
challenging objective.

Due to its pristine environment, it is recommended to
have a Working-with-Nature strategy for the coastal manage-
ment (HALCROW UK et al., 2011-2012). In order to do that, it is

important to understand the behaviour of the beach to storm
impact, under present climate change scenarios.

The Danube Delta coast has a total length of about 240
km, extending both in Ukraine and Romania. The Romani-
an part of the Danube Delta coast is a stretch of 160 km of
low-lying natural beaches generally consisting of fine sands
brought by the Danube River and redistributed by waves and
currents. This area’s morphology, sedimentology and recent
dynamics have been extensively studied and described by a
series of publications (Panin, 1996, 1998, 1999, 2003; Giosan
et al, 1999; Ungureanu and Stanicd, 2000; Bhattacharya and
Giosan, 2003; Stanica et al., 2007, 2011; Vespremeanu-Stroe et
al., 2007; Stanica and Panin, 2009; Dan et al., 2009; Dan, 2013).

The Danube River discharges into the Black Sea through
three distributaries that are, from North to South: Kilia, which
transports approximately 51.6% of the water discharge; Suli-
na, the major waterway, with 19.9% and Sfantu Gheorghe,
24.4%, the rest of the water being discharged through Ra-
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zelm-Sinoe lagoon system (Bondar and Panin, 2001). The
distribution of the sediment discharge is slightly different:
Kilia - 53.3%, Sulina - 15.8%, Sfantu Gheorghe — 21.9%, while
the rest is being deposited in the Danube Delta (Bondar and
Panin, 2001).

Water circulation in the Romanian coastal zone has been
simulated with a 3D finite element hydrodynamic model by
Bajo et al., 2014. The model results have shown that the com-
plex dynamics generated along the Romanian coast is due to
the interaction of various factors, such as the wind, the Dan-
ube’s freshwater discharge, the sea level, but also the tem-
perature and salinity distributions. These changes are even
higher during storm events.

In their analysis of the storminess in the Northwestern
part of the Black Sea, based on hindcast data series for the
time interval between 1948 and 2010, Valchev et al. 2012,
state that the most intense and frequent winds directed on-
shore, that trigger the severest storms, are those from NE, E
and SE. Wave conditions were modelled using a coupled sys-
tem of third generation spectral wave models. Identification
of storms was based primarily on wind data. Only winds with-
in directional segment 0 - 180°N were considered, as they are
directed shoreward. These authors provide a description for
the typical storm in the Northwestern part of the Black Sea,
that includes the whole Romanian coast. According to this,
it is estimated that storm duration varies between 56 hours
and 151 hours and the average duration is 95 hours. Extreme
storms have a quite short growth phase, the phase of the full
development is more substantial while the decay time is the
longest. The average duration of the phase of full develop-
ment is 61 h and is longer than both the first and the second
phases put together, which last 18 and 41 h, respectively (Val-
chevetal, 2012).

The wind wave fields in the Black Sea have been studied
by Arkhipkin et al., 2014, using the SWAN model (Booij et al.,
1999). These authors state that the Northeastern and the
Southwestern parts of the Black Sea are the ones with the
highest significant wave heights and the most intense storm-
iness. The wave-current interactions at the Danube’s mouths
have been studied by Rusu, 2009; 2010, also using the SWAN
model (Booij et al., 1999). This author states that the relative-
ly strong currents induced there by the outflow from the
Danube modifies considerably both the wave magnitude
and direction, affecting also the coastal navigation and the
sediment transport patterns. The SWAN model has also been
used by Dan, 2013, to analyze the wave climate along the
Danube Delta coast. In this study, three main wave directions
have been identified: the Northern directions (N to ENE), that
produce the largest average wave heights; the Eastern direc-
tions (E to SE), with the lowest average wave heights; and the
Southern directions (SSE to WSW), that produce medium av-
erage wave heights.

Sanchez-Arcilla et al., 2016 show that the SLR at the East-
ern Mediterranean coast (strongly connected with the Black

Sea) may reach more than 60 cm at the end of the 21st cen-
tury.

The aim of this paper is to assess the damage that may
occur on the Danube Delta coast in case of extreme storms,
under present climate change conditions. For this study,
we have selected the area comprising the mouth of the Sf.
Gheorghe distributary of the Danube, as measurements on a
couple of beach profiles have been performed in several field
campaigns, in recent years (Vespremeanu-Stroe and Preotea-
sa, 2007; Tatui et al., 2016).

A way to determine such impact is with numerical mod-
elling (Gracia et al., 2013; Lesser et al., 2004; Sanchez-Arcilla
etal, 2014). In these articles, a hydromorphodynamic model
(Roelvink et al., 2009), once calibrated, has been used to as-
sess the post-storm evolution of the morphodynamic impact
of the Danube coast.

The paper is structured as follows: the Methodology sec-
tion includes the datasets (beach profiles and wave climate)
that have been used and the description of the simulations
and metrics; Results for both beach profiles are presented;
followed by the Discussion and Conclusions.

2. METHODOLOGY
BEACH PROFILES

Two cross-shore beach profiles have been chosen, NR48
and Buival, located North of the Sf. Gheorghe distributary
of the Danube (Fig. 1). Both beach profiles have dunes, that
could be destroyed in case of extreme storms.

The topographic surveys were undertaken using a Lei-
ca VIVA GS12 RTK DGPS (horizontal accuracy of 5 mm + 0.5
ppm and vertical accuracy of 10 mm + 0.5 ppm) from back
of dunes to T m depth. The underwater part of the profiles
was surveyed using a Valeport Midas Surveyer single-beam
echo-sounder (accuracy £0.01m). All data were registered in
the Romanian geodetic system (Stereo 70), which eased the
joint of the topographic data with the bathymetric ones for
the same profile.

Tatui et al., 2016 state that the zone where the Buival pro-
file is located is advancing, the NR48 profile is located in a
stable zone, while the northward shoreline is retreating. The
dominant longshore direction in front of the Danube Delta
is from North to South (Giosan et al., 1999; Panin and Jipa,
2002; Stanica et al., 2007). Yankovsky et al., 2004 analyzed the
influence of the Danube buoyant flow on the Northwestern
part of the Black Sea. The Sf. Gheorghe distributary takes
over more than 20% of the total Danube discharge (Bondar
and Panin, 2001), therefore it certainly influences the water
and sediment dynamics in the study area. Both profiles show
low elevation at the emerged part and a dissipative, gentle
beach slope. The sediment size in the study area is around
200 microns, based on the multi-annual sediment analyses
(HALCROW UK et al, 2011-2012).
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Fig. 1. a) Black Sea map; b) Danube Delta map; c) Location of the NR48 and Buival profiles on the Danube delta coast
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HYDRODYNAMIC FORCINGS

Moderate storms, that occurred in between February 10
and 27, 2016, have beeen used to fit the XBeach model in
1D approach. The waves available for this time interval have
been provided by the GeoEcoMar wave gauge, located on the
Southern part of the Romanian coast. The sea level has been
measured at the Sulina coastal station, owned by GeoEcoMar.
The maximum wave heightis 2.51 m and the associated wave
period is 7.04 s. Most of the waves, about 65%, are from the
Southeastern sector. The mean sea level is around 0, with a
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minimum of -14 cm and a maximum of 20 cm. Figure 2 shows
the wave heights, wave periods, wave directions and the sea
level between February 10 and 27, 2016.

Once the model has been calibrated, the storms applied
are available from a Wave Climate Analysis, carried out by
Johnson, 2011 within the Master Plan for Reduction of Coast-
al Erosion on the Black Sea Coast (2011-2012). The Wave Cli-
mate Analysis provided maximum wave heights and associ-
ated wave periods for storms from various sectors. The ones
from SE, S and E have been selected, as they are the ones that
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Fig. 2. Forcings used in the XBeach simulations, for the period February 10 to 27, 2016 — a) wave heights; b) wave periods; ¢) wave directions;
d) sea level
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cause damage to the beaches on the Danube Delta coast.
According to these results, the extreme storms from S and
E have higher maximum wave heights and associated wave
periods than the ones from SE (Johnson, 2011).

In order to reproduce such storms, we took into account
the above-mentioned Wave Climate Analysis results, as well
as the storm description for the Western Black Sea, available
in the work of Valchev et al. 2012. The authors estimated that
the average duration of extreme storms is 95 hours and that
they have a short growth phase, a more substantial full devel-
opment phase and a long decay time.

The waves from SE derived from the Wave Climate Anal-
ysis (Johnson, 2011) have lower wave heights and wave peri-
ods than the ones from S and E (Table 1).

There are no studies concerning how the Sea Level will
change for the Black Sea. In order to study the impact of Sea
Level Rise (SLR), we have performed several simulations, with
the Mean Water Level progressively increased by 0.2 m. Thus,
the Mean Water Level has the following values: 0, 0.2, 0.4, 0.6,
0.8,and 1 m.

The range of MWL values can be considered reasonable
because: (i) In recent studies, an approximation of a 0.88 m
SLR has been used at the NW Mediterranean Sea for the RCP
8.5 scenario (Sierra et al., 2016) at the end of the 21st century.
(i) Altimeter information shows that the SLR at the Eastern

Mediterranean and the Black Sea is correlated. (iii) Jevrejeva
et al, 2014 have analysed the upper limits of the different
components of the SLR projections and the global SLR values
can reach up to 1.8 m for the same scenario, although the
probability is low. These values are also in agreement with the
available projected global mean sea level for the 2081 - 2100
interval (Kovats et al., 2014).

The assumption of 0.88 m SLR within the 215t century
comes justified by the estimations of Jevrejeva et al., 2014 at a
global scale. Despite it is true that, in the Mediterranean, SLR it
is considered around 60 cm as a mean value in the IPCC WG1,
2013 report, it has to be taken into account that the upper part
of the confidence interval (95%) is around 90 cm. Hence, this
approximation follows a safety side. There is so much uncer-
tainty on the Sea Level Rise that some authors recommend
taking the upper values of the confidence intervals in Im-
pact-Vulnerability Studies (see Hinkel et al., 2015). The SLR pro-
jections for different RCPs can also be found in Sanchez-Arcilla
et al,, 2016. In the latter reference it can be observed that the
upper values match considerably with the ones in Sierra, 2016.

Figure 3 shows the workflow. The simulations have been
performed for each Return Period taken into account, for 6
values of the Mean Water Level, and for the 3 wave directions
which would have an impact on the beach. A total number of
72 simulations have been performed for each profile.
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Fig. 3. Methodology flow chart

Table 1. Maximum Wave Height Hs and associated Wave Period T for the extreme storms derived from the Wave Climate Analysis —
from Johnson, 2011

SE storms

RP (years) H; (m) T(s)

H, (m) T(s)

E storms
H (m) T(s)

S storms
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Geo-Eco-Marina 23/2017 49



Irina Dinu, Manuel Garcia - Ledn, Vicente Gracia, Agustin Sdnchez- Arcilla, Adrian Stdnica — Using Numerical Modelling to Analyze Beach Profiles Response to Extreme Storms along the Danube Delta coast

NUMERICAL MODELLING

The open-source model XBeach (Roelvink et al., 2009) has
been used to model the nearshore response to storms for
the analyzed profiles located on the Danube Delta coast. The
XBeach model is able to simulate dune erosion, overwashing
and breaching. The processes are modelled in four different
regimes of impact on barrier islands by hurricanes, which are,
according to Sallenger, 2000: the 1) swash regime, 2) collision
regime, 3) overwash regime and 4) inundation regime.

Both short wave action and long wave action are taken
into account. In our work, XBeach has been used in 1D ap-
proach to simulate the effect of storms on the Danube Del-
ta coast. Hence, the results infer the behaviour of the cross-
shore fluxes.

The sand volume change following a storm has been de-
termined as the area between the emerged part of the pre-
storm and the post-storm profiles, as percentage of the initial
emerged profile.

The runup has been calculated using the Stockdon equa-
tion (Stockdon et al., 2006):

[ Hol, (05637 + 0.004)J%
2

1
runup =1.1x| 0.35, (H,L, )2 +

2

where: L, = —2

2
In the above relations, B is the foreshore slope, H, is the

deep water wave height, L, is the deep water wave length, T,
is the peak period, and g is the gravity acceleration.

The value for H, is 0.82 m, taken from altimeter data in
an offshore point near the Danube delta (https://www.aviso.
altimetry.fr). The value for T, is 4.3 s, estimated based on the
available data in Sf. Gheorghe area.

In our analysis we use a Resilience Ratio (RR), defined as:
runup + SLR
post-storm elevation

RR =

where SLRis the Sea Level Rise (in meters) and the post-storm
elevation is defined as following: if there is a dune, it is the
mean elevation of the emerged post-storm profile from the
toe of the dune to the shoreline; if there is no dune, it is the
average elevation of the post-storm emerged profile.

This metric provides a view on how the coast will be pre-
pared for the next storm. RR value below 1 means that the
joint action of waves and sea level for a given storm would
not surpass the post-storm elevation. Hence, the protection
system which, in our case, is represented by the dune, will
not collapse. There may be collision and overwash regime,
but not inundation (Sallenger, 2000). However, once the RR
values surpass the unity, most surely, inundation regime will
occur. This index aims to reflect that the initial conditions of
the beach profile will be perturbed once a storm event has
happened. Then, from a management point of view it is im-

portant to know the protection capacity of the beach, once
the storm has happened. RR can prompt action, because it
shows the weak spots, supporting decision making on what
parts of a coastal strech require intervention once a storm has
happened.

Other indexes have been used in previous works (see
Chiaia et al., 1992) explaining sand volume displacement
along the profiles and bar growth and displacement. The
simulations performed have shown more sand erosion at the
emerged part than in the submerged part.

The dominance of emerged sand dynamics for this kind
of short-term scale was the reason that we used the RR
metric. It could be possible to compute bar growth and dis-
placements, but the results will not be as interesting as the
emerged beach ones, that are the ones that have been high-
lighted in the paper. Note that the dominance of emerged
sand dynamics during storms does not need to happen at
all case studies; but as it can be seen in the results, for this
particular time-scale and study area, the abovementioned
behaviour happens.

Nonetheless, we consider that at mid-scale and long-
term scale, bar dynamics (growth and displacement) play a
fundamental role in the hydrodynamics and the proposed
indexes in Chiaia et al. (1992) should be used for sure.

The calibrated model has been used for assessing a Tip-
ping Point due to climate change. In this case, erosion of the
emerged part, due to extreme events, has been used as an
environmental indicator.

In order to assess a Tipping Point, specific analysis has
been carried out on each profile. The purpose of this analysis
has been to see if an assymptotic value for the eroded sand
volume is reached, given a set of incremental drivers. This
means that the eroded sand volume tends to reach a maxi-
mum value with respect to the SLR and/or to the intensity of
the storm. Starting from a certain Mean Water Level or from a
certain Return Period of the storm, the eroded sand volume is
not expected to change significantly. Such an analysis could
help in estimating the SLR or the storm intensity starting
with which severe damage could occur to the beach profile,
thus being useful in assessing appropriate coastal protection
measures.

Assymptotic behaviour is the state in which the protec-
tion system has collapsed. It does not matter that we add
more intensity to the drivers, the response will be the same.
It will be analogous to a saturated system. The assymptota
shows that there is no further growth. Assymptotic behav-
iour bounds the upper limit of the consequences/impacts. It
is 100% damage; and this 100% usually is hard to obtain for
most of the natural disaster processes. Hence, it is a confirm-
atory analysis that is really interesting to have. Otherwise, it
can be hard to backtrack what is the damage level given a
set of drivers.
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The results of the simulations with extreme storms are
analyzed in order to estimate the damage that may occur to
the beach profiles and to establish Tipping Points.

3. RESULTS

The impact assesment has two steps: calibration of the
model and its validation. The first step is the calibration of the
numerical model. The model shows better agreement with
the measured post-storm profile with the following setup:
non-hydrostatic assumption, wave breaking imposed by the
sea surface instability, short-wave and long-wave interaction,
avalanching, short wave stirring, no long wave stirring, long
wave turbulence. The calibration factor for the avalanching
modaule is 1.6 and the parameter related to the critical Shields
number is 0.8. In what concerns the roughness coefficient,
the Colebrook — White function has been used. The critical
slopes for the wet and dry parts of the domain are 0.3 and
0.8. The maximum Courant number for the flow module is
0.4 for the Buival profile and 0.7 for the NR48 profile. Courant
number has to be so restrictive because of the dense discre-
tization of the beach profile. The morphological acceleration
factor (Roelvink, 2006) is 5 for the Buival profile and 10 for the
NR48 profile.

The XBeach model shows the least erosion along the
NR48 profile, with these settings. The measurements show
even light deposition, in the order of less than 20 cm, at 100
to 115 m along the post-storm profile, between elevations 1.2
and 0.9 m in the emerged zone, going towards the shoreline.

Along the Buival profile, the XBeach model shows depo-
sition in the submerged part, at depths between -0.2 and -0.6
m. Differences in the elevations along the measured profile
show deposition from few centimeters to 30 cm locally. The
modeled post-storm Buival profile shows deposition going
up to 20 cm.

Such differences are expected for a natural beach. Small
deviations from the initial path of the profile might have
occurred. We also must consider limitations of the XBeach
model used in 1DH (profile mode). As stated by van Geer and
Boers, 2012, when assessing dune erosion with a 1D model,
sediment that erodes from the dune face is assumed to set-
tle on the beach further offshore, without interacting with
neighbouring transects. Eroded sediments from one transect
may travel along the coastline and contribute to the amount
of sediments in another transect.

Hence, there is no way to estimate the longshore contri-
bution. In future submissions, we hope to use the same mor-
phodynamic model, but in a 2DH approach. Estimations of
the longshore contribution with mean wave climate can be
found in Stanica et al, 2007.

THE NR48 PROFILE

The results of the XBeach simulations for the NR48 profile
and all the storms considered are presented in Tables 2 to 4.

The sand volume changes are neglectible for the RP1_SE,
regardless of the sea level, due to the lower wave heights.The
sand volume changes are higher for the RP1_S and RP2_S
storms than for the RP1_E and RP2_E storms, due to the high-
er wave heights from the Southern sector. For the RP5_S
and RP5_E storms, the sand volume changes exceed 30% for
MWL between 0.6 and 1 m.

Dune destruction occurs for the calculated sand volume
changes over 30% (Figs. 4 and 5)

For the storms from the SE sector, the sand volume chang-
es are significantly lower than for the storms from S and E.

Looking at the sand volume ratios with respect to the Re-
turn Periods, an assymptotic behaviour is noticed for all the
storms considered, for MWL between 0 and 0.6 m (Fig. 6). For
the SE storms, an increasing trend is noticed for MWL 0.8 m
and 1 m. For the storms from the S sector, the assymptotic
behaviour occurs also for MWL 0.8 m and the increasing trend
can be observed only for MWL 1 m. For the storms from E,
the assymptotic behaviour occurs for MWL 1 m, while the in-
creasing trend can be noticed for MWL 0.8 m. The maximum
sand volume erosion, exceeding 70%, occurs for MWL 0.8 m
(Table 4 and Fig. 7 — storms E).

After reaching a maximum eroded sand volume, a de-
creasing trend with respect to MWL can be noticed, for the
storms with lower Return Periods (Fig. 7), due to the dimin-
ished water velocity, for increased water level, and, thus, to
less erosion. This happens for storms from SE and from S.

In the case of the RP10 storms from SE and S, the erod-
ed sand volume keeps increasing with the water level (Fig.
7). This is due to the combined action of waves and SLR.
For MWL 1 m, the eroded sand volume gets double for the
RP10_S storm (63%) compared to the RP5_S storm (30.46%)
(Table 3). For the RP10_SE storm the eroded sand volume
reaches the highest value, over 7% (Table 2), but it is almost
9 times lower than in the case of the RP10_S storm, for which
it reaches 63% (Table 3). The destruction of the dune is due
to the increase of the significant wave heights for the storm
from S, comparing to the one from SE (Table 1).

The RP10_E storm leads to a maximum eroded sand vol-
ume over 70% for the MWL of 0.8 m and a slight decrease to
66.7% for MWL 1 m (Table 4), due to more deposition occur-
ring at increased MWL. This suggests an assymptotic behav-
iour with respect to the water level, that can also be noticed
in Figure 7, for storms from E.

On the contrary, for the RP5_E storm, a general increase
trend with respect to the MWL can be noticed (Fig. 7 - storms
E). This is associated to the destruction of the inshore dune in
the case of MWL 1 (Fig. 5).

For all the considered wave directions, the NR48 profile
shows a change of the sand volume ratio slope at RP5 for a
certain MWL value (Fig. 6) and at MWL 0.6 m for a certain RP
value (Fig. 7). This change corresponds to a sand volume ra-
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Table 2. Sand volume changes on the NR48 profile - storms from SE

Sand volume
changes (%)
MWL 0.2

Sand volume
changes (%)
MWL 0

Sand volume
changes (%)
MWL 0.4

Sand volume
changes (%)
MWL 1

Sand volume
changes (%)
MWL 0.8

Sand volume
changes (%)
MWL 0.6

RP2_SE 0.2073 0.8312 1.2351 1.0976 0.7461 0.4234

RP10_SE 2.682 3.9791

3.2499

3.124 6.1252 7.3282

Table 3. Sand volume changes on the NR48 profile - storms from S

Sand volume
changes (%)
MWL 0.2

Sand volume
changes (%)
MWL O

Sand volume
changes (%)
MWL 0.4

Sand volume
changes (%)
MWL 1

Sand volume
changes (%)
MWL 0.8

Sand volume
changes (%)
MWL 0.6

RP2_S 43321 13.995 5.2716 151721 14.6544 13.9776

RP10_S 20.4635 19.8958

35.0956

36.2601 45.1826 63.0796

Sand volume
changes (%)
MWL 0.2

Sand volume
changes (%)
MWL O

Table 4. Sand volume changes on the NR48 profile - storms from E

Sand volume
changes (%)
MWL 0.4

Sand volume
changes (%)
MWL 1

Sand volume
changes (%)
MWL 0.8

Sand volume
changes (%)
MWL 0.6

RP2_E 3.1892 4.5363 41541 41044 9.702 6.8422

RP10_E 41.7054 38.3456

37.6684

38.0185 71.4399 60.6698

tio between 30% and 40%, for the storms from the Southern
sector (Fig. 6)

Tables 5 to 7 show the resilience values for the NR48 pro-
file for all the considered storms.

The mean slope ranges from: 0.0061 (RP10_S and MWL 1
m) and 0.0765 (RP2_S and MWL 0).

The mean runup ranges from:0.18 m (RP10_S and MWL 1
m; RP5_E and MWL 1 m; RP10_E and MWL 0.8 m; RP10_E and
MWL 1 m) and 0.37 m (RP2_S and MWL 0).

The mean elevation of the post-storm NR48 profile ranges
from 0.3817m (RP2_S and MWL 0.6 m) and 0.8017 m (RP2_S
and MWL 0).

The calculated resilience values for the NR48 profile are
between 0.32 (RP10_E and MWL 0) and 2.55 (RP2_S and MWL
0.8).

For almost all the considered storms with MWL 0 and 0.2
m the RR values are less than 1. For MWL from 0.4 to 1 m,

the RR values are higher than 1. There are few exceptions: RR
less than 1 for RP1_SE and MWL 0.4 m and RR higher than 1
for RP2_S and MWL 0.2 m, and for RP10_S and MWL 0.2 m.
In the RP1_SE case, this is due to the relatively low value of
the highest significant wave height of 1.4 m (Table 1). In the
RP2_S and RP10_S cases, this is due to the high values of the
significant wave height from the S sector, of 3.4 m and 4.3 m,
respectively (Table 1).

There are also RR values around or over 2, for higher RPs,
of 5 and 10 year, and MWL 1 m. Usually, they are associat-
ed with storms with high maximum significant wave height,
around 4 m. There are some exceptions: the RP2_S storm,
with the maximum significant wave height of 3.4 m and MWL
from 0.6 to 1 m, and the RP5_SE storm, with the maximum
significant wave height of 2.6 m and MWL 1 m (Table 1), but
leading to erosion of the profile and, therefore, to lower post-

storm elevations (Table 5).
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SIMULATIONS RESULTS FOR THE NR48 PROFILE

Table 5. Resilience values for the NR48 profile - storms from SE

Mean elevation

RP_SE MWL (m) post-storm (m)

Mean slope Runup (m) Resilience Ratio

| e | oer | oo | 0w | oe
| s | oer | ems | 0w |
I e O /- N N IO I
| e | omw | om0 |08
| s | oy | om9 | 0% | 4

|| s | oo | 0% | 19
| e | e | emw | o | om
| s | o | oms | 0% | 18
] osm | emw | 0% | 2
| e | ose | oo | o1 | 0%
| s | o | omw | 0% |55

1 0.6435 0.0232 0.22 19

Table 6. Resilience values for the NR48 profile - storms from S

Mean elevation
post-storm (m)

e | o 00455
| s | s 00398

RP_S MWL (m) Mean slope Runup (m) Resilience Ratio

S N R N7 oowr | o | 19|
A Y S B 7
| o5 | omw 00203

1 0.4815 0.0156 0.2 2.49
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Table 6 (continued)

Mean elevation

s e post-storm (m)

Mean slope Runup (m) Resilience Ratio

Table 7. Resilience values for the NR48 profile - storms from E

Mean elevation
post-storm (m)

| e | o | esm | 0® 0%
| s | og@ | ewr | 02 13
| uw | e | 0® 17
| | e | oem | oms | o3 | o
|| s | o | om0y i

{0 3 MWL (m) Mean slope Runup (m) Resilience Ratio

| ees | oms | e» | am
| w | e | oms | s | ow
1w | e | oms | wm |
| e | o | ew | o
| w | oms | oww | o | s
e | e | o | e |

1 0.6151 0.0066 0.18 1.92
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Fig. 6. NR48 profile — Sand volume ratios vs Return Periods for all
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Fig. 7. NR48 profile — Sand volume ratios vs Mean Water Level for

all the considered storms
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THE BUIVAL PROFILE

The results of the XBeach simulations for the Buival pro-
file and all the storms considered are presented in the Tables
8to 10.

Same as for the NR48 profile, the sand volume changes
are neglectible for the RP1_SE, regardless of the sea level. This
is due to the fact that waves from the SE have the lowest max-
imum wave heights. For RP1_S and RP2_S, the sand volume
changes are higher than for RP1_E and RP2_E, respective-
ly, as the maximum wave heights are higher for the storms
from the Southern sector. For RP2_S, we notice sand volume
changes over 25% for MWL between 0.4 and 1 m (Table 9).

The Buival profile shows assymptotic behaviour for the
storms from the South sector, with the highest maximum
wave heights (Fig. 12; storms from the S sector). There is no
assymptotic behaviour for RP2_S and MWL 0.2 m, as the post-
storm profile is not yet destroyed. Destruction occurs start-
ing with MWL 0.4 m, when the sand volume change shows a
maximum of 31.49% (Fig. 10).

Similarly to the NR48 profile, after reaching a maximum
eroded sand volume, a decreasing trend with respect to MWL
can be noticed (Fig. 13), due to the fact that, as the sea lev-
el increases, the water velocity is lower, thus resulting in less
erosion. Increased sea level but also higher waves lead to the
collapse of the dunes in the emerged part (Figs. 10 and 11).

Assymptotic behaviour can also be noticed for RP5_S and
RP5_E, for MWL starting with 0.2 m (Fig. 13).

SIMULATIONS RESULTS FOR THE BUIVAL PROFILE

The Buival profile shows more variability than the NR48
profile, due to the influence of the Sf. Gheorghe distributary.

Tables 11 to 13 show the resilience values for the Buival
profile for all the considered storms.

The mean slope ranges from: 0.0046 (RP10_E and MWL 0)
and 0.0416 (RP2_S and MWL 0).

The mean runup ranges from:0.18 m (RP2_S and MWL 0.4
to 1 m; RP5_S and MWL 0.4 to 1 m; RP10_S and MWL 0.4 to
1 m; RP5_E and MWL 0.8 to 1 m; RP10_E and MWL 0; RP10_E
and MWL 0.4 to T m) and 0.27 m (RP2_S and MWL 0).

The mean elevation of the post-storm Buival profile rang-
es from 0.3917 m (RP2_S and MWL 0.2 m) and 0.911 m (RP10_
SEand MWL 1 m).

The calculated resilience values for the Buival profile are
between 0.25 (RP10_E and MWL 0) and 2.43 (RP10_E and
MWL 1 m). They are almost of the same order as the ones cal-
culated for the NR48 profile.

Similarly to the NR48 profile, for almost all the considered
storms with MWL 0 and 0.2 m, the RR values are less than 1.
For MWL from 0.4 to 1 m, the RR values are higher than 1.
Same as for NR48, and for the same reasons, there are two
exceptions: RR less than 1 for RP1_SE and MWL 0.4 m, and RR
higher than 1 for RP2_S and MWL 0.2 m.

RR values are over 2 only for the RP10_E storm with MWL
0.8 - 1 m, which has the highest significant wave height, of
4.45 m (Table 1).

Table 8. Sand volume changes on the Buival profile - storms from SE

Sand volume
changes (%)
MWL 0.2

Sand volume
changes (%)
MWL 0

{0

Sand volume
changes (%)
MWL 0.4

Sand volume
changes (%)
MWL 1

Sand volume
changes (%)
MWL 0.8

Sand volume
changes (%)
MWL 0.6

RP2_SE 0.5506 1.5364 1.7193 1.6642 0.7517 0.2794

RP10_SE 4.8091 5.4403

5.5169

5.6034 10.1768 8.457

Table 9. Sand volume changes on the Buival profile - storms from S

Sand volume
changes (%)
MWL 0.2

Sand volume
changes (%)
MWL 0

Sand volume
changes (%)
MWL 0.4

Sand volume
changes (%)
MWL 1

Sand volume
changes (%)
MWL 0.8

Sand volume
changes (%)
MWL 0.6

RP2_S 9.9128 10.3319 31.4909 29.9432 28.8982 25.7835

RP10_S 43.412 46.9417

47.8462

44.8234 46.8425 45.7485
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Table 10. Sand volume changes on the Buival profile - storms from E

Sand volume Sand volume Sand volume Sand volume Sand volume Sand volume
changes (%) changes (%) changes (%) changes (%) changes (%) changes (%)
MWL 0 MWL 0.2 MWL 0.4 MWL 0.6 MWL 0.8 MWL 1

RP2_E 5.832 6.468 7.0438 6.8015 6.2912 17.4529

RP10_E 51.9695 52.5406 49.4187 56.2049 57.4968 55.5975

Table 11. Resilience values for the Buival profile - storms from SE

Mean elevation
post-storm (m)

o | oess | omm | oM | 06
I O I S """
I e O /2N " Y 7 S I TR
o | st | om® | 03 | 0%
| o6 | o | oow | o» | 1%
I 72N N 1> N Y N N A
o | om | oms6 | 0B | 0%
o | o | 0w | on | M
1| oeme | oow | oa | 18
o | on | oon | 03 | oA
| o | s | o | 02 | 18

1 0.911 0.0155 0.2 1.32

{3 MWL (m) Mean slope Runup (m) Resilience Ratio

Table 12. Resilience values for the Buival profile - storms from S

Mean elevation
post-storm (m)

e | osw 00278

RP_S MWL (m) Mean slope Runup (m) Resilience Ratio

e | osw 00227
A R B SR 7 00276
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Table 12 (continued)

Mean elevation

= MRL) post-storm (m)

Mean slope Runup (m) Resilience Ratio

| o4 | ossy | oo | 0B | 105
| | ey | oos | 08 | s
| RS | 0 | o | om0 | 04
| 4 | o | o0 | 08 | 1B

| | o8 | oon | 0w | 18
| R0s | 0 | s | om0 | 04
| 4 | 0wy | oo | 0w | 1B
|8 | ose6 | o054 | o0® | i1

Table 13. Resilience values for the Buival profile - storms from E

Mean elevation
post-storm (m)

o2 | oswe | oo | o» | o |
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v | o2 | oo | o3 | i |
I N N Y N I 1 R A R N
s | o4 | oom |  on | in |

RP_E MWL (m) Mean slope Runup (m) Resilience Ratio
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1 0.4851 0.0059 0.18 2.43
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Buival - Sand volume ratios vs RPs - storms SE
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Fig. 12. Buival profile — Sand volume ratios vs Return Periods for
all the considered storms

Fig. 13. Buival profile — Sand volume ratios vs Mean Water Level
for all the considered storms
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4. DISCUSSION

Low energetic waves (SE) and high sea levels lead to
mass exchange from the inshoreward area to the present up-
per swash zone, that is permanently flooded by the SLR. For
this reason, the erosion values are near zero. The post-storm
beach profiles show essentially a predominant collision re-
gime (Sallenger, 2000).

More energetic waves (E and S) and high sea levels lead to
the collapse of the emerged dune, corresponding to the in-
undation regime on the Storm Impact Scale (Sallenger, 2000).
In this case, the magnitude of the return flow induced by the
waves is enough to mobilise the sediment offshorewards. The
eroded volume tends to be accumulated at the lower swash
zone (near 0 to -2 m water depth). The sediment is eroded
and deposited at higher depth, thus leading to a re-shaping
of the profile and to a deficit between the emerged and sub-
merged parts.

It is concluded that the effect of SLR exacerbates erosion
when combined with energetic waves. The beach system
shows higher Resilience Ratios, as they increase both with
SLR and, at the same time, as the post-storm elevation is low-
er, due to erosion. Moreover, at higher SLR, a more accelerat-
ed pace of land loss is expected. However, under low energet-
ic conditions, the effect is not as dramatic.

In our analysis, we have been looking at the results of
the simulations in order to find an ,assymptotic behaviour”
of the profile. This means that the eroded sand volume tends
to reach a maximum value with respect to the SLR and to the
intensity of the storm. Starting from a certain MWL or from
a certain RP of the storm, the eroded sand volume is not ex-
pected to change significantly.

The RR indicator is used to analyze the effects of various
storms. The analysis carried out herein shows that higher RR
are related to higher RP and higher MWL. This was expected,
as stronger storms may lead to more destruction. However,
sometimes, a storm with lower RP may lead to high RR, de-
pending on the wave height and direction. The morpholog-
ical characteristics of the profiles also play an important role
in the response to the forcings.

Even if it has not been performed on a wide area, this
study shows that a coast does not respond in the same way,
on its whole length, to the same type of forcing. Therefore,
similar analyses, carried out on several profiles, may prove
useful and provide more realistic results.

The analysis based on extreme storms may provide a
certain trend for the metric that we use. The extreme storms
are less likely to occur. But if a storm with lower wave heights
occurs, a quick estimation of the sand volume change or of
the RR value could be done by following the trend of the ana-
lyzed metric.

The sand volume change, as well as the Resilience Ratio
can be used in setting up Tipping Points in our 1D analysis. It

is a simplified approach, as it is based on 1D modelling, but it
can provide a quick and easy way to estimate the state of the
coast for extreme storms on individual beach profiles.

SETTING UP TIPPING POINTS

Assessment of Tipping Points should be carried out on
every individual profile, considering highly energetic condi-
tions.

Every profile represents a specific case. Therefore, the
analysis should consider both the pre-storm and post-storm
profiles, as well as the specific eroded sand volumes.The pro-
files used in this analysis show specific behaviour, even if they
are rather close and exposed to the same storms.

The sand volume change following an extreme storm
could be used as a Tipping Point for the beach profile behav-
iour, as it expresses the maximum damage to be expected as
effect of the action of drivers.

The NR48 profile

Following an extreme storm, the profiles may be re-
shaped, as it is the case for the NR48 profile and the storms
with 5 years RP, from East and South and MWL starting with
0.6 m. Destruction of the seaward dune of the NR48 profile
occurs for the storm with 5 years RP from East and South and
MWL 0.6 m. Both dunes along the NR48 profile may be de-
stroyed by the storm with 5 years RP from East and MWL 1 m
(Fig. 5). The landward dune is not destroyed with the storm
with 5 years RP from South and MWL 1 m.

Summarizing the results for NR48 profile, we notice that,
for the RP5_S storm with MWL 0.8, the first dune has already
been destroyed (Fig. 4). Table 1 shows that, for RP5, the storm
from the Southern sector has the highest significant wave
height. Destruction of the first dune is associated to a sand
volume change of 33.17% (Table 3). Figure 7 shows an ass-
ymptotic behaviour of the sand volume change for the RP5
storms from the Southern sector, starting with MWL 0.6 m.
Table 3 shows values around 30% even at higher MWL. In
this way, the sand volume change of 30% could be a Tipping
Point for the NR48 profile.

For the RP5 storms from the Eastern sector, the sand vol-
ume change increases as MWL gets higher than 0.6 m. Thus,
we can infer that MWL of 0.6 m could also be a Tipping Point
for the NR48 profile.

The calculated RR values for the RP5 storms with MWL 0.6
m are between 1.32 for the Eastern sector (Table 7) and 1.68
for the Southeastern sector (Table 5). Figure 8 shows that the
calculated values RR have an assymptotic behaviour for MWL
0.6 m, for the storms with higher RP. Therefore, we can infer
that the RR value of 1.5 could also be a Tipping Point for the
NR48 profile.

The Buival profile

The Buival profile is re-shaped by the storms with 2 years
RP from East, but the seaward dune is destroyed for MWL 1 m.
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In the case of the storm with 2 years RP from South, the sea-
ward dune along the Buival profile is destroyed at MWL 0.4 m
(Fig. 10). In the case of an extreme storm with 5 years RP from
East coupled with MWL 0 and one with 5 years RP from S with
MWL 0.2 m, the seaward dune is destroyed. Both dunes along
the Buival profile may be destroyed by the storm with 2 years
RP from South and MWL 1 m and by the storms with 5 years
RP from East and South and MWL 0.8 m.

Summarizing the results for the Buival profile, we notice
that, for the RP2_S storm with MWL 0.4, the first dune has al-
ready been destroyed (Fig. 10). Table 1 shows that, for RP2, the
storms from the Southern sector have the highest significant
wave height. Destruction of the first dune along the Buival
profile is associated to a sand volume change of 31.49% (Table
9). The highest values for the sand volume ratio, for the RP2
storms, are the ones from the Southern sector around 30%,
with assymptotic behaviour at higher MWL (Table 9 and Fig.
13). The sand volume change of 30% could be a Tipping Point
also for the Buival profile, as well as the MWL of 0.4 m.

The calculated RR values for the RP2 storms with MWL 0.4
m are between 1.05 for the Southern sector (Table 12) and
1.42 for the Eastern sector (Table 13). Thus, we can consider
that the RR value of 1 could also be a Tipping Point for the
Buival profile.

Following this analysis, one can conclude that every
beach profile should be specifically treated. Drivers such as
waves and SLR have to be incorporated in the analysis, to-
gether with the morphology and the grain size, as they have a
direct impact on the erosion and deposition along the beach
profile. Moreover, two profiles located rather close to each
other may behave differently at the same storm, due to the
local morphology and the grain size. For this reason, specific
analysis should be performed on every beach profile.

The analysis we propose can be applied on natural sandy
beaches, where sediment dynamics is driven by the direct ac-
tion of waves. The profiles used for this analysis are located on
a pristine coast, where no buildings or touristic development
are foreseen.

Moreover, if nature-based solutions are foreseen for
coastal protection, this kind of analysis should be repeated
and the metrics used, such as the sand volume ratio and the
Resilience Ratio should be calculated for the new hydrody-
namic conditions.

In order to perform a better morphology survey, remote
sensing and video image (Valentini et al., 2017) are promis-
ing techniques to measure run-up and the emerged beach.

That would pave the way for long-term monitoring which is
precisely one of the most pressing urges in marine geomor-
phology research.

CONCLUSIONS

A morphodynamic model at the Danube Delta coast has
been set-up and calibrated with real data and a recent storm.

The impact under different extreme storms conditions,
assessed for wave return periods ranging from 1 to 10 years,
and Sea Level Rise ranging from 0 to 1 m has been conduct-
ed. This analysis provided the sand volume changes for every
extreme storm represented herein, as well as the conditions
for which the profiles could be destroyed.

In our analysis we have attempted to detect assymptot-
ic behaviour of the analyzed profiles with respect to drivers.
Thus, we could estimate the most important part of the dam-
age occurring to the analyzed profiles, under severe condi-
tions. The response is interesting for the management of the
Danube Delta Biosphere Reserve, taking into account the
present-day challenges represented by the climate change.

At the same time, this study can provide answers to what
happens in the case of moderate storms, that are most likely
to occur. The response of a moderate storm could be implic-
itely included in this type of analysis, knowing that the driv-
ers would, most probably, be lower than the ones considered
herein.

The proposed methodology can be useful for detecting
Tipping Points. As inferred from this study, these are depend-
ing on the local scale conditions. Assessing the effect of a
storm should be carried out on individual beach profiles, in
order to have a realistic response, involving the local-scale
particularities.

The methodology proposed in this paper can be applied
both in natural environments and on more urbanized coasts,
as well as for analyzing measures for coastal protection.
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