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ABSTRACT: The beach vulnerability Index (BVI) that is presented in this study is dedicated to the assessment of vulnerability to erosion in the case
of beach zones developed in microtidal environment, experiencing significant nearshore hydrodynamics. This approach combines the coastal system’s
susceptibility to change, with its natural ability to adapt to changing environmental conditions, including relative sea level change. The index incor-
porates a quantitative, although relative, measure of the coast’s natural vulnerability to the effects of erosion processes. Subsequently, the developed
BVI has been applied to two beach zones (i.e. Ammoudara and Almiros) located on the northern coast of Crete. It is revealed that the most important
variables that control the beach zone evolution; in general and in particular the areas under investigation are the grain size, beach morphology and
incoming wave energy. In the case of the Ammoudara beach zone, the western part is the most vulnerable as it is unprotected by a submerged reef,
whose presence reduces, drastically, the incoming wave energy over its central and eastern parts. Along the shore of the Almiros beach zone, it is the
western part less vulnerable to erosion processes, as it is ‘sheltered” to the dominant NW incoming waves. It has also to be mentioned that the index
values could not be used for comparison between different beach zones, as the maximum possible variability (100%) for individual parameters was
not common between them.

Key-words: beach zone, vulnerability, erosion, Crete.

MNEPIAHYH: XtV gpyacio avti mopovctdletat évag deiktng yio TV eKTiUNoT G TpOTOTNTS TOV Topalakdv (ovedv 6T SdBpwcn, ot onoleg
£yovv avamtuydel og HKpoTaAppoLaKd TEPPAALOVTO Kot VIOKEWVTOL GE GNUOVTIKEG TOPAKTIEG VIPOSVVOIKES (KupaTkEG) cuvbnkec. H mpocéyyion
oVTN GLVOLALEL TV TPOTOTNTA TOV TAPAKTIOV GLGTHLOTOG GE TEPPAAAOVTIKEG HETAPBOAES, GLUTEPIAAUPAVOUEVIC TG GYETIKNG 0vOdOV TG 6TAOUNG
MG OGA0GGAG, e TN PLGIKH TOV IKAVOTNTO VO TPosapproletol o€ avTés. O delkng TpMTOTNTOG diver T dSVVATOTNTO TOGOTIKOTONONG TMV dEPYO-
o1V TOL TPoKaAoOV T Stafpmon. AkoAovOme, 0 delktng tpeTOTNTOG £Papuroletar oe dHo mapdktieg (dveg (Appovddpag kot AApvpov), ot onoleg
Bpiokovtar otn Bopeta axti g Kprng. Katd m depdpemon tov deiktn npoékuye 6Tt 0t GNUavTIKOTEPOL TUPAYOVTEG TOL ELEYXOLV TNV eEEMEN
oG mopokiog ivat 1o péyefog TV KOKK®@V, 1 LOPQOAOYID TG TaPAALNG KOl 1] EVEPYELN TOV TPOGEPYOUEVOV KUUATMV. LTV TEPINTOON TNG TOPU-
Ktiog {Ovng ™G ARHOVSEPIG, TO TTO TPMTO T Eival TO dVTIKG, KaOMS dev mpootatedetal omd To Bubiopévo HEAAO, 1 TAPOLGIN TOL OTOIOV LEL-
MVEL OPACTIKA TNV KVULOTIKT EVEPYELDL GTO KEVIPIKO KOl OVALTOAKO TNG TU L. TN TEPINT®MGT TOL AAHVPOD, TO SVTIKO TUN LA EIVOL TO AYOTEPO TPOTO
Kobhg AOY® TG TapdKTIOG HopPoroYiag ‘TpocTtateveTal’ amd Ta emkpatovvto BA kdpata. Oa mpémet eniong vo onpetwbei 0Tt o deiktng tpoTdT-
Tag dev dvvatat vo ypnotpomomBet yio cOykpion Hetald SopopeTkdv Tapailok®dv (ovav, kadmg n péytot petafintommto(100%) kdbe mapopé-
TPOL TOL deikTn dev givarl Kown peta&d Toug.

AéEerc-kherdna: Hopaliox (v, tpwtotyra, oidfpwaon, Kpnty.

INTRODUCTION

Coastal erosion is defined as the long-term loss of shore ma-
terial (by volume) relative to fixed reference line (baseline)
and an initial reference volume to seaward of this line, above
some arbitrary vertical datum (Basco, 1999). Coastal ero-
sion is accompanied always by shoreward recession of the
shoreline and, whether it refers to natural or anthropogenic
causes, results in significant economical losses, social prob-
lems, and ecological damage (WEIDE et al., 2001).

In the Mediterranean region, coastal erosion has been a
longstanding, large-scale issue around deltaic areas, such as
those of the Nile and Po Rivers, together with other smaller
deltas such as those of the Albanian rivers (PouLos & COLLINS,

2002). It has also been a major issue at smaller scales, espe-
cially to the resort beaches along the (relatively) more densely
developed northern coastline. More than 40% of beaches in
France, Italy and Spain have been found to be eroding in the
EU project CORINE, completed in 1990. According to the
Atlas of Italian Beaches (FIERRO & IVALDI, 2001), 27% of the
Italian beaches (that represent the 61% of the overall Italian
coastline), are retreating. In Greece, coastal retreat affects also
tourist beaches, e.g. the northern coast of Samos Island (BLETA
et al., 2009), the NW beach zone of Lefkada island (GHIONIS
et al., 2008), Kato Axaia (PouLos & CHRONIS, 2001), Erresos
beach on Lesvos Island (VELEGRAKIS et al., 2008) and Gouves
beach in Crete (BOUZIOTOPOULOU et al., 2006).

The purpose of the present contribution is the develop-

* Avantoén evog dgiktn TpOTOHTTOG ToPUAaKk®dV LOovdV Yo Ty ektipnon g didPpwong oty nepintmon g Bopelog Axtig g Kpnmng (Avyaio ITékayog)
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ment of an index for the evaluation of the vulnerability of
beach-zones, to erosion; this may be due to natural processes,
climatic change and/or to human activities. By definition, the
beach zone vulnerability assessment includes both antici-
pated impacts and available adaptation options. According to
IPCC (1992) this is referred primarily to the impacts of the
climatic change on coastal zone.

The concept of the development of an index dedicated to
the vulnerability assessment of the beachzones has its ori-
gins in the Coastal Vulnerability Index; this was used ini-
tially by GOrNITZ (1990), for the East coast of the United
States. The Coastal Vulnerability Index (CVI) was modified
by altering the algorithms used for the estimation of the con-
tribution of the variables examined (GORNITZ et al., 1994), as
well as to the sensitivity index employed by SHAW ef al.
(1998). It has been used by Hammar-Klose and Thieler for
the estimation of the future shoreline response to a possible
sea-level rise for the U.S. Atlantic Coast and the Gulf of
Mexico (HAMMAR-KLOSE & THIELER, 2001). According to
this approach, different classes of vulnerability ranging from
low to very high, related to climatic change (i.e. sea level
rise), can be attributed to different coastal sections, defining
the relative susceptibility of a coast (LOZANO ef al., 2004).

In contrast, the proposed Beach(zone) Vulnerability Index
(BVI) refers, spatially, to the smaller scale of a single beach-
zone; likewise to short periods of time. The BVI takes into
account individual extreme events (e.g. storms), which often
contribute considerably to the erosion of a particular beach
zone. BVI is an indication of which part of a beach is more
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Fig. 3. Map of the Almiros beach zone (from Google Earth, 2003).
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Fig. 1. Locations of the Ammoudara (1) and Almiros (2) beach zones in
relation to Crete and Greece.

probable to be eroded, if erosion due to any cause occurs,
whilst CVI is a measure of how vulnerable exclusively to
sea-level rise is a coastal section. Here, the development and
application of such an index concerns microtidal marine en-
vironments exposed to wave activity, such as those of the
eastern Mediterranean.

STUDY AREAS

For the application of the newly formed BVI, two study areas
have been selected on the northern coast of Crete Island: the
Ammoudara and the Almiros beach zones (Fig.1).
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Ammoudara beach zone

The beach zone of Ammoudara (Fig. 2) is located on the
northern coast of Crete, approximately 2 km to the west of
Heraklion. The total coastline length here is 6.1 km, trending
from W to E; it is slightly curved and has a subaerial width
of up to 60 m. The beach is formed in front of an alluvial
plain and is associated with a sand dune field (with heights <3
m). Small rivers, Gazanos (192 km?), Xiropotamos (35 km?)
and Giofiros (279 km?) discharge into the shoreline whilst, at
its western part, there is the karstic spring of Almiros (Fig. 2).
The inland part of the dune field, formed by fluvial illuvia-
tion, includes a low-lying region, where elevations lie either
very close to present sea level, or even below it. The actual
seaward limit of the central and western part of the Am-
moudara beach zone (from the mouth of R. Gazanos to that
of the R. Giofiros) is established on the basis of the presence
of a submerged coastal reef. The reef has a length of ap-
proximately 4 km, a mean width of around 35m and is lo-
cated at a distance of approximately 60 m from the shoreline,
(where average water depths are 2.6 m). On its seaward side,
water depths exceed 3 m; to landward they are less than 2 m.
The height above the seafloor exceeds 0.8 m whilst, in places
it is less than 0.5 m from the sea surface. To the west of the
mouth of R. Gazanos, this submerged reef continues to be at-
tached to the beach face, as a typical beach-rock formation;
it is absent in front of any of the river mouths. On the basis
of these observations and considering its internal structure
and overall morphology, ALEXANDRAKIS ef al. (2007) con-
cluded that the reef is a submerged beach rock formation; as
such, it is indicative of the position of a former, now sub-
merged, coastline, associated with relative sea level rise.

The beach zone under investigation, as part of the north-
ern Cretan coast, undergoes minimal astronomical tidal
ranges (<10 cm) (TsimvrLis, 1994). The maximum observed
elevation of sea level, due to meteorological forcing, can
reach the 1 m (HYDROGRAPHIC OFFICE, 2005). The beach is
exposed primarily to northerly (NW, N and NE) wind-in-
duced waves, with NW winds being the most frequent, rep-
resenting an annual occurrence of 28.9%. Generally, wave
heights are less than 2m (88%), with 36% being less than 0.5
m, with only 2% higher than 4 m, on an annual basis
(ATHANASOULIS & SKARSOULIS, 1992). Likewise, 77.3% of
annual offshore wave periods are less than 5 s, with waves
with periods greater than 11s being only 0.74%. The maxi-
mum wave conditions are induced by the most frequently oc-
curring NW and N winds, whose significant wave heights
and periods occurred in January (annual frequency of occur-
rence=0.012%) and in March (0.032%). Thus, NW wind-in-
duced waves have height/period values of about 2.3 m / 4.6
s, whilst the N waves have higher values of 6 m/ 11 s (GHIO-
NIS et al., 2004).

Almiros Beach zone

The second study area, Almiros (Fig. 3), is located also on

the northern coast Crete, but at its western part (Fig. 1). The
length of the beach is approximately 9.5 km, having a W-E
direction; it receives waves that are induced predominately
by the NW, N and NE winds. The subaqueous part of the
beach-zone is sandy, deepening gradually. To landwards, the
beach zone is backed by a low relief dune field (<3 m),
which, in many places, has been destroyed by human activi-
ties (e.g. tourist resorts, hotels, parking lots). Furthermore,
the beach zone incorporates the mouths of four small rivers,
Almiros (160 km?), Delfinas (39 km?), Mousselas (51 km?)
and Petres (140 km?)

The beach is exposed primarily to northerly winds (NW,
N and NE), with NW winds being the most abundant; these
represent an annual frequency of occurrence of 25.5%. Gen-
erally, and on an annual basis, wave heights are less than 2 m
(86%), with 65% being less than 0.5 m and only 0.5% being
higher than 4 m (SoukisiaNn, 2007). Likewise, 74.4% of the
wave periods are less than 5 s annually, with wave periods
higher than 7s occurring as much as 14.2% of the time. Max-
imum wave conditions, induced by northerly blowing winds,
incorporate significant wave heights and corresponding pe-
riods are about 4.2 m and 9.1 s, respectively.

METHODOLOGY
The development of the Beach Vulnerability Index (BVI)

The Beach Vulnerability Index (BVI), in essential tideless
environments, incorporates the hydrodynamic variables that
modify the sediment budget of any beach zone evolution: (i)
longshore sediment transport (QL); (ii) cross-shore transport
(Qc); (iii) riverine inputs (Qr); (iv) storm surge (SS); (v)
wave run-up (WR); and, (vi) acolian sediment transport (Qa).
The calculation of the aforementioned variables includes the
estimation of other important parameters, such as granulom-
etry, wave conditions (e.g. significant wave height and pe-
riod), geomorphological characteristics of the beach zone
(e.g. beach zone dimensions, slope).

For the calculation of each variable, a number of equa-
tions have been selected from the bibliography, taking under
consideration the incorporation of the most important pa-
rameters that modulate sediment budget, their applicability
to different (microtidal) environments, and the feasibility of
the estimation of the individual parameters involved, with re-
spect to fieldwork measurements. The selected relationships
are summarized below:

(D) Longshore sediment transport is given by KOMAR’S (1998)
equation:

3 5
%

O, =Llpg nu(a,)ovv(a,) (1)

where, QL is potential volumetric longshore transport rate
(m’/day), p is water density; g is the acceleration of gravity,
Hs is breaking wave height and a, is wave crest angle at
breaking.
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(IT) Cross-shore sediment transport (Qc) is provided by the
BAILARD & INMAN’S (1981) equation:

0, = pCDu,f{tzf';p[% +§5" —%u;] +Z}—’:£j [1//2 +5,1, —77‘25511; tanﬂ}} 2)
where, gg= 0.2; es= 0.025; Cp is the drag coefficient, ws is
sediment fall settling velocity, ¢ is the angle of repose, B is
beach slope, us is near bed water velocity, p is water density,
and, ps is the density of the sediment. Variables du, W1, W2, y1,
us” and us" refer to cross-shore velocities and depending upon
the significant wave height are provided by BAILARD (1982).

(ITI) The riverine sediment input (Qr) is provided by the
Hovious’ (1998) equation:

INE=-0416ln4+4.26-10" H +0.157 +0.095T,, +0.0015R +3.58 (3)

where, A is drainage area, E is sediment weight (gr/m?), H is
the maximum elevation of the drainage basin, T is mean tem-
perature, Tr is temperature range; and R is river run off.

In the following application of the BVI, this parameter omit-
ted, due to the small size of their drainage basin and the
human intervention along their routes, that has minimised (if
not stopped) their sediment fluxes.

(IV) The effect of storm surge (SS), incorporating also a rel-
ative sea level rise, variable (S) is calculated from Dean’s
(1991) semi-empirical relationship, which combines the
storm effect and the Bruun’s rule (BRUUN, 1962):

Ws
R..=(S+0.0068H))- 4
55 = ( 5) (B+h,,) 4)

where, S is relative mean sea level rise (in m), Wy is the surf
zone length, B is berm height, Hy is the wave breaking height
and hy is the breaking depth.

(V) The wave run-up (WR) is given from MASE’s (1989)
equations for:
breaking waves:

RW

— =232 5a),
H, 2 Gy
and non-breaking waves:
R T \1/4
—2 =27 - (— Sb
H, (ZB) ©b)

where, Ho is the offshore significant wave height; B is the
berm height, and &: the Irribaren number (from IRRIBAREN &
NOGALES, 1949)

LO
¢ -ma 5.

where f is the beach slope and Lo and Ho are the wave length
and the offshore significant wave height, respectively.

(VI) The aeolian transport (Qa=q) variable is provided by the
Hsu (1986) equation:

- U
q — I/a})a(e O.63+O.91D) X (6)

gds,

where, ¢ is the sand transport rate (in gm/cm/s), Us is the
shear velocity, g is the acceleration due to gravity, dso is the
mean grain diameter; Va is the air kinematic viscosity and Pa
is the air mass density.

Subsequently, numerical values of the variables involved
in the BVI, are transformed into percentages, ranging be-
tween 0.00 (0%) and 1.00 (100%); this is based on the as-
sumption that 0% represents zero value of variability, whilst
100% corresponds to the highest possible (potential) vari-
ability for each individual variable. In addition, variables as-
sociated with the addition and/or removal of sediment from
the beach zone (e.g. cross-shore sediment transport), will be
assigned as either negative or positive. The maximum values
of each variable are calculated using the highest values of the
parameters involved. Finally, the BVI values are derived
using equation 7:

O, +0.+WR+SS+0, 7
5

For the application of the BVI, each beach zone is divided
alongshore, into sections of appropriate length according to
the anticipated variability. The data required were obtained
either from numerical model outputs (e.g. wave heights,
breaking height and angle) and/or from field measurements.

BVI =

)

Data collection and methodology related to the BVI ap-
plication in the case of Ammoudara and Almiros beach
zones.

For the morphological mapping of the study areas, topo-
graphic maps (1:5000, published by the Hellenic Army Ge-
ographical Service (H.A.G.S.)) and geological maps for the
study areas (scale 1:50.000, published, in 1989, by the Insti-
tute of Geological and Mineral Exploration (IGME)), were
used. The morphodynamic measurements included repre-
sentative shore-normal profiles along the beach zone (Fig.
3), which extended from the sand dunes to the depth of Sm.
Beach elevations and slopes were measured with the use of
topographic rods and GPS, whilst depth soundings (at dis-
tances of every 5 m) were taken with the use of a portable
echo-sounder (ZODEX), up to a water depth of 5 m. Fur-
thermore, surficial sediment samples were collected along
the profiles (6-7 samples, per section) and analysed accord-
ing to the FOLK (1974) procedure. 14 profiles have been in-
vestigated along the Ammoudara beach zone and 8 profiles
at Almiros (for locations, see Fig. 4). In addition, the slope of
beach face has been measured between the profile positions.
The surficial sediment samples analyzed granulometrically
were 60 from Ammoudara and 51 from Almiros. For each
sediment sample, the dso parameter and the angle of internal
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Fig. 4. Profile positions in Ammoudara (a) and Almiros (b) beach zone.

friction (@) were calculated, using the aforementioned equa-
tions. In addition, the width of the beach zone in each section
was determined (Ws), using the measured profile length (L),
berm height (B) and beach slope (tanf).

The wave regime has been calculated with the use of the
CERC (1984) equations and utilising the local wind data
(mean annual frequency of wind speed and direction) pro-
vided by the Wind and Wave Atlas of the Eastern Mediter-
ranean Sea (ATHANASOULIS & SKARSOULIS, 1992). Thus, for
any particular wind speed and direction, the significant wave
height, wave period and wave length were calculated. Also,
the breaking height (hs) and depth (dv) were calculated for
each beach zone and for each wind direction. These param-
eters were calculated using the RCPWAVE routine of the
Coastal Engineering Design and Analysis System (CEDAS)
v4.0. Finally, for the relative Sea Level Rise, the estimate
provided by IPCC (2007) is adopted, i.e. an average rise of
0.38 m is expected for the year 2100.

RESULTS AND DISCUSSION

Hydrodynamic, morphometric and granulometric pa-
rameters of the study areas.

In order to estimate the BVI along the sections of the beach
zones of Ammoudara and Almiros, initially, the nearshore hy-
drodynamic parameters have been calculated. Secondly, the
parameters referred to beach zone morphometry and granu-
lometry have been derived; for the former, as the tidal signal
is rather low (<10 cm) (TsiMPLIS, 1994), the nearshore wave
characteristics have been considered and calculated, whilst for
the latter the results of the in-situ morphological measurements
and the granulometric results have been utilised.

In terms of wave climate, both the Ammoudara and the

TABLE 1
The Ammoudara beach zone: The maximum, weighted by frequency
average (W.A.); the weighted by frequency average of the 4 higher
values of the significant offshore wave (W.H.A.); wave period (Tp);
significant height (Hs); length (Lo); breaking height (Hb) and depth
(db). Data presented for the different frequency of occurrence (),
wind speed (Ua) and direction (N, NE and NW).

. . f Ua Tp Hs he Lo H, dy
Direction | Value

) | m/s) | () | (m) | (m) (m | (m | (m)
N Max 0.01 | 3391 | 1039 | 6.91 | 12.67 | 16845 [ 7.40 | 8.86
W.A 8.99 6.70 | 1.83 | 3.66 70.12 | 2.15 | 235

N 0.12
W.HA 2127 [ 891 | 434 | 823 123.80 | 4.79 | 5.56
W.A 5.87 3.62 0.58 1.15 2049 0.67 | 0.75

NE 0.04
W.HA 10.79 | 443 1.07 2.04 30.61 1.18 | 1.37
WA 838 245 | 038 0.70 9.35 041 ] 049

Nw 024
W.HA 12.06 [ 2.76 | 0.55 | 0.98 11.89 | 0.58 | 0.71

Note: the maximum values are shaded

TABLE 2
The Almiros beach zone: The maximum, weighted by frequency aver-
age (W.A.); the weighted by frequency average of the 4 higher values
of the significant offshore wave (W.H.A.); wave period (Tp); signifi-
cant height (Hs); length (Lo); breaking height (Hb) and depth (db).
Data presented for the different frequency of occurrence (f), wind
speed (Ua) and direction (N, NE and NW).

. . f Ua Tp Hs he Lo H, d,
D ti Val

prection | YaMe | @) | @ws) | © | m | @m) | (m) | (m) | ()
N Max 0.01 948 498 | 943 14.79 548 | 638 | 23.18
W.A 6.56 1.63 3.28 10.23 1.94 | 2.09 7.58

N 16.14
WHA 8.41 347 | 6.72 13.13 391 444 16.14
W.A 4.87 0.85 1.73 7.60 1.03 1.10 587

NE 5.87
W.HA 3.76 0.51 1.04 5.87 0.61 | 0.65 4.54
W.A 2.20 0.28 | 0.53 3.43 0.31 0.36 6.31

NwW 6.31
W.HA 2.54 0.44 | 0.80 3.97 047 | 0.57 9.82

Note: the maximum values are shaded
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TABLE 3
The geomorphological and sedimentological parameters
for the 13 sections of the Ammoudara beach zone
(for section’s location see Figure 4a).

Geomorphological parameters

Sections: 1 2 3 4 5 6 7 8 9 10 11 12 13

B(m) 06 1 116 | 230 | 1.96 | 1.50 | 099 | 1.88 | 3.70 | 3.3 | 201 | 272 | 3.25

Wy (m) 22 19 50 28 30 38 28 31 50 61 50 43 35

Max 260 | 330 | 320 | 330 | 310 | 320 | 325 [ 310 | 315 | 320 | 300 | 290 | 290

N WA | 50 SI | 120 | 147 | 126 | 140 | 180 | 150 [ 115 | 115 | 115 | 180 | 130

WHA [ 180 | 280 [ 270 [ 240 | 260 | 270 | 270 | 260 [ 200 | 210 | 230 | 230 [ 225

Ws WA 15 25 25 5 20 54 64 65 58 76 15 40 75
m) [

WHA | 30 60 60 70 40 70 90 B3 90 85 95 | 137 | 102

WA 10 18 10 12 15 30 10 55 58 55 7 2 9
NW

WHA | 14 15 24 14 18 2 65 68 60 70 8 43 80

Sedimentological parameters

Sections: 1 2 3 4 5 6 7 8 9 10 1 12 13

T dso(mm) | 1.86 | 220 [ 236 | 2.77 [ 2.71 | 1.76 | 195 | 2.78 [ 2.16 | 2.38 | 269 | 1.78 | 2.75

N dso(mm) | 0.30 | 025 [ 0.24 | 1.52 [ 0.80 | 0.57 | 0.84 | 0.5 [ 0.59 | 0.86 | 2.50 | 228 | 2.75

Key: B= Berm height in m, Wh= width of the subaerial part of the beach zone in m, Ws= the
width of the surf zone (in m), W.A = weighted average by frequency of occurrence, WHA =
weighted average by frequency of occurrence, corresponding to the 4 highest values of the
significant offshore wave height; L= subaerial samples, S= sub-aqueous samples

TABLE 4
The geomorphological and sedimentological parameters for the 8 sec-
tions of the Almiros beach zone (for section’s location see Figure 4b).

Geomorphological parameters

Sections: 1 2 3 4 5 6 7 8

B (m) 270 [ 205|099 | 1.71 | 1.66 | 321 | 322 | 3.13

W, (m) 80 70 45 33 22 49 36 53

Max 310 | 320 | 310 | 315 300 | 310 | 315 320

WA 180 190 134 113 76 129 117 104

N WHA | 270 | 280 | 280 | 270 [ 260 | 255 | 255 | 260

Ws WA 120 140 104 78 28 84 71 63
(m) NE

WHA 86 80 85 58 24 53 61 58

WA 81 75 47 38 22 51 58 55

NW
WHA | 82 79 66 53 24 52 60 56
Sedimentological parameters
Sections: 1 2 3 4 5 6 7 8
L dso (mm) 137 | 026 | 438 [ 030 | 047 | 163 | 038 | 244
S dso(mm) [ 0.29 | 023 | 390 | 0.65 | 0.46 | 0.52 | 0.29 | 0.53

Key: B= Berm height in m, Wb= widlth of the subaerial part of
the beach zone in m, Ws= the width of the surfzone (in m), W.A
= weighted average by frequency of occurrence, WHA =
weighted average by frequency of occurrence, corresponding to
the 4 highest values of the significant offshore wave height;, L=
subaerial samples, S= sub-aqueous samples

TABLE 5
Maximum and annual longshore transport values
(Qu in 10° m*/year) for the 13 sections of Ammoudara beach zone
(for section’s locationsee Figure 4a).

Sections

Almiros beach zones are exposed (mainly) to N, NE and NW
wind-generated waves. Hence, the corresponding wave char-
acteristics for these wind directions have been calculated and
are presented in Tables 1 and 2, respectively, for: (a) the
weighted average value with respect to the frequency of oc-
currence of all wind speeds and (b) the weighted average
value of the highest four wind speeds. For the calculation of
the maximum value of the index, in both cases the N wind
speed value of 33.9 m/s was used to produce the highest wave
event (annual frequency of occurrence =0.01%).

The various morphometric and granulometric parameters
are listed in Table 3 (Ammoudara) and Table 4 (Almiros).
As can be seen, the Ammoudara beach zone has a maximum
berm height of 3.25 m at Section 13, with a minimum of 0.6
m at Section 1. The width of the sub-aerial part of the beach
zone (Wy) varies from 22 m (Section 1) up to 61m (Section
10). Also, the width of the surf zone (Ws) varies from 330 m
at Section 2 for the maximum wave event, to 5 m at Section
4 for the weighted average value for the northeasterly direc-
tion wind events. The length of the beach profile (L) is equal
to the distance between the highest point of the berm crest
and the coastline, together with the distance from the coast-
line to the offshore end of the beach zone as it is defined by
the closure depth (he) (L=Wb + Ws). The values of dDso
range from 1.76 mm (fine sand) to 2.78 mm (gravely sand),
for the sub-aerial surficial sediment samples; this becomes
finer in the case of the sub-aqueous samples, as they range
between 0.25 mm and 2.75 mm.

For the Almiros beach zone the maximum berm height of
3.2 m appears at Section 7, with the minimum value of 0.99
m at Section 3 (Table 4). The width of the sub-aerial part of
the beach zone (Ws) varies from 22 m, at Section 1, to 80 m,
at Section 10. Also, the width of the surf zone (Ws) varies
from 543 m at Section 8 for the maximum wave event, to 22
m at Section 5 for the weighted average value for the north-
westerly direction wind events. The length of beach profile
(L) has been estimated as in the case of the Ammoudara
beach zone. The values of dso range from 0.30 mm (fine sand)
to 4.38 mm (sandy gravels) for the subaerial surficial sedi-
ment samples; this becomes finer in the case of the subaquous
samples, as they range between 0.23 mm and 3.90 mm
(medium to find sand).

TABLE 6
Maximum and annual cross-shore transport values (Qc in 10° m3/year)
for the 13 sections of the Ammoudara beach zone (for section’s loca-
tion see Figure 4a).

Sections

Qc 1 2 3 4 5 6 7 8 9 10 1 12 13

Max | 3549 | 3598 | 36.01 | 3517 | 3530 | 35.54 | 3546 [ 3543 | 35.32 | 3533 [ 35.09 | 34.93 | 34.80

QL 1 2 3 4 5 6 7 8 9 0 1 12 13

Max | 276 | -3.82 | -1.31 [ -1.17 | -1.20 [ 0.95 | 1.08 | 0.29 | -1.35 | 0.59 | 4.46 | 498 | 3.07

Q. [ -059]-076 | -3.31 [ -3.76 | -0.86 | 040 | 0.58 [ -0.09 | -0.33 [ -0.15 [ 0.71 | 127 | 1.47

(Note: + indicate that direction is from E to W).

NE | 934 [ 672 | 685 [ 742 | 718 | 685 | 662 | 745 [ 981 | 878 | 725 | 795 [ 874

NW [ 1081 7.13 | 685 [ 862 | 1140 | 7.15 | 552 [ 732 | 862 | 768 | 5.65 | 543 | 735

Tot. | 2967 | 2170 | 21.83 | 24.19 | 27.16 | 22.11 | 2001 | 2346 | 27.36 | 24.80 | 21.01 | 2233 | 2542
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BVI variables for the Ammoudara Beach zone

Longshore Transport variable (Qr)

The calculated values for the longshore sediment transport
in the Ammoudara beach zone (Table 5) has shown that the
dominant direction is towards the east, whilst the higher
transported values refer to its western part (e.g. 13.1 10°
m?/year at Section 3). The annual maximum value is attrib-
uted to Section 4 (3.8 10° m?/year), with the lowest (0.15 10°
m?¥/year) to Section 10. The decrease in values along the east-
ern part (Sections 9 to 12) is related to the pronounced pres-
ence of the submerged reef.

Cross-shore Transport variable (Qc)

The calculated values for the cross-shore sediment transport
variable (Q;) (Table 6) reveal that the offshore sediment
movement induced by the maximum wave conditions present
similar values for each section, this varies from 34.8 10°
m?/year (Section 13) to 36 10° m*/year (Section 2). Further,
the lowest annual values appear to be associated with waves
coming from the North (7.9 10* m*/year at Sections 2 and 7
and 5.3 10° m¥/year at Section 1). The highest values are
caused by waves approaching from the NW (from 5.4 103
m’/year at Section 12, to 11.8 10° m?*/year at Section 1). Once
again, the eastern part (Sections 11 to 13) presents the low-
est values, related to the submerged coastal reef.

Wave Run-up variable (WR)

The calculated wave run-up values for each sector are pre-
sented in Table 7. Here it can be seen that all of the values
refer to the maximum wave conditions exceeding the 2.2 m.,
with its highest value (3.1 m) in the western Section 1. Fur-
thermore, N waves present higher WR values (0.9-2 m), the
NE waves relatively lower values (0.6-0.9 m). The lowest
values are given by the NW waves (<0.6 m).

Aeolian variable (Q4)

The aeolian transport at the Ammoudara Beach zone was cal-
culated for the weighted average value of each wind direc-
tion, considered as the most representative. As shown in
Table 8, the highest transport value occurs at Section 8 for
the NW winds, whilst the NE winds are not capable of setting
the beach sediment in motion. Furthermore, the direction of
the aeolian transport, with respect to coastline direction
(westwards or eastwards) and perpendicular to it (on-
shore/offshore), is deduced from the direction of each wind
for each of the sections. As can be seen in Table 8, the long-
shore aeolian transport is towards the west, whilst transport
perpendicular to the shoreline is directed to seawards; this
contributes, therefore, in erosion of the beach zone.

Storm Surge variable (SS)

The storm surge variable (SS) was found to be significant for
the northerly winds, having values similar to those referred to
the maximum wave conditions (0.35-0.45 m) (Table 9).
Moreover, the weighted average (mean) values of the

TABLE 7

Wave run-up values, (WR in meters), for the 13 sections of the
Ammoudara beach zone (for section’s location see Figure 4a).

Sections

WR 1 2 3 4 5 6 7 8 9 10 | 11 | 12

13

Max |31 ]22]25[29 28|24 (|24]25]|28(28]25]25

25

N 20117 L1 12 [ 13 L1 [O09 [ 12 15|14 | 12|11

NE (091060508 09[06]05]06(07]07]05]05

0.7

NW (04 (03(02[05]|04]02]02]03)03]03]04)03

0.3

WA, | 1.1 (08|08 10]1.1]08]08([09]10]10][10][09

1.0

TABLE 8
The Aeolian sediment transport parameter (Qa in m*/year)
for the 13 sections of the Ammoudara beach zone
(for section’s location seeFigure 4a).

Sections

Qu 1 2 3 4 5 [ 7 8 9 10 11 12

N 022 | 142 | 276 [ 1617 [ 1251 [ 0.15 [ 048 | 17.01 | 1.17 | 3.06 [ 1130 [ 0.16

14.97

NE

E 012 | 076 | 148 | 868 [ 672 | 0.08 | 026 | 913 | 0.63 | 1.64 | 607 | 009

804

SE 0.14 | 0.58 | 113 | 6.64 0.09 | 020 [ 698 [ 048 | 1.26 | 4.64 | 0.10

6.14

S 015 | 0.61 | 119 [ 699 [ 540 [ 0.10 [ 021 | 735 | 0.51 | 132 | 4.88 [ 011

647

SW o[ 003 | 054 | 105 [ 612 | 474 | 0.08 | 0.18 | 644 | 044 | 116 | 428 [ 0.09

5.67

w 072 | 3.02 | 589 | 3447 26,66 [ 048 | 1.03 | 36.25 [ 249 | 652 | 2409 | 053

3190

NW | 046 | 297 | 579 | 33.93 | 26.24 | 031 | 101 | 35.68 | 245 | 642 | 2371 | 034

3140

Cross- | 006 | 051 | -099 | -578 | 447 [ 004 | -0.17 | -6.08 | 042 | -1.09 | -4.04 | -0.05

535

Long- | O.14 | 131 | 256 | 14.96 [ 11.57 | 0.09 | 045 | 1574 | 1.08 | 2.83 | 1046 | 0.10

13.85

TABLE 9
The storm surge parameter (SS in meters), for the 13 section:
of the Ammoudara beach zone (for section’s location see Figure

s
4a).

Sections

ssmy | 1|23 |4a|s|e |79 |w|n|n

Max 165200 | 1.90 | 1.73 | 1.68 [ 1.83 [ 1.97 [ 1.70 | 144 | 152 | 1.62 | 1.46

1.38

WA | 030 [ 026 | 0.59 [ 054 | 0.50 | 062 | 0.93 | 061 | 0.32 | 034 | 045 | 0.60

0.39

WHA | 111 | 161 | 1.51 | 1.13 | 128 | 143 | 1.56 | 1.30 | 0.78 | 0.86 | 1.13 | 1.02

093

WA | 009 [ 012 | 0.11 | 001 | 0.06 | 0.19 | 0.30 | 020 | 0.10 | 0.15 | 0.04 | 0.09
NE

0.15

WHA | 0.19 | 030 | 028 | 022 | 0.14 | 029 | 046 | 031 | 0.20 | 0.21 | 0.33 | 0.39

0.26

WA | 0.06 [ 0.08 | 0.04 [ 003 | 0.04 | 017 | 0.05 ] 0.15 | 0.09 | 0.10 | 0.02 | 0.09

0.02

NW

WHA [ 0.09 | 0.07 | 0.10 | 004 | 0.05] 0.19 | 0.31 [ 021 | €.11 | 0.14 | 0.02 | 0.10

0.16

Key W.A = weighted average by frequency of occurrence, WHA = weighted average

by

frequency of occurrence, corresponding 1o the 4 highest values of the significant

offshore wave height.

TABLE 10
The values of the BVI and its variables, for the 13 sections
of the Ammoudara beach zone (see also Figure 5).

Sections

1 2 3 4 5 1 7 ) 9 10 i 12 13

Average

Qu | 2128 1994 | 25.32 | 3200 | TL3L| 42.33 | 3435 [ 3097 | 2451 | 2471 | 1393 | 23.55 [ 47.79

KER)

Qc | 8242 ( 60.28 | 60.63 | 07.18 | 75.42 | 6141 | 3557 | 6517 | 76.00 | 68.88 | 38.32 | 62.03 [ 70.60

66.46

WR [ 3168 | 23.12 | 22.75 | 3071 [ 29.582 | 24.05 | 2266 | 2557 | 32.25 | 2927 | 2678 | 27.69 | 30.32

Qq | 063 ] 506 | 987 [ 5778 | 4469 | 042 | 172 | 6077 | 418 | 1093 | 4038 | 046 [ 5347

8§ | 1483 13.20 | 29.56 | 26,93 [ 24.99 | 3127 | 46.74 | 3034 | 16.02 | 17.20 | 2253 | 30.12 | 1962

BVI | 3017 | 2432 | 29.62 | 4294 | 4923 | 3193 | 36.21 | 42.56 | 30.59 | 3020 | 32.79 | 29.17 [ 44.36
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TABLE 11
Maximum and annual longshore transport values (Qc in 10° m?/year)
for the 8 sections of the Almiros beach zone
(for section’s location see Figure 4b).

Sections

QL 1 2 3 4 5 6 7 8

Max | 449 | 250 | -1.08 | -2.30 [ 2.02 | -0.99 | -1.62 | 2.26

Ann | 1.81 | 058 | 021 | 027 | 0.75 [ 046 | 0.72 | 0.57
(Note: + indicates that direction is from E to W).

TABLE 12
Maximum and annual Crosshore transport values (Qc in 10° m*/year),
for the 8 sections of the Almiros beach zone
(for section’s location see Figure 4b).

Sections

Qc 1 2 3 4 5 6 7 8

Max S || 3805 || 3703 || 3YLT || 3722 || 3192 || 3708 || SJUSE

N 6.82 5.32 4.62 517 6.86 5.34 5.57 4.92
NE 5.74 5.88 5.35 6.25 9.60 | 10.72 | 13.53 | 6.66
NW 9.46 8.74 4.89 9.67 | 21.19 | 15.72 | 1420 | 14.25

Ann. total | 22.03 | 19.95 | 14.87 | 21.09 | 37.66 | 31.79 | 33.31 | 25.84

TABLE 13
Wave run-up values (WR in meters), for the 8 sections of the Almiros
beach zone (for section’s location see Figure 4b).

Sections

WR 1 2 3 4 5 6 7 8

Max | 2.89 [ 222 | 232 | 240 | 3.06 | 245 | 2.44 | 230

N 177 | 1.74 | 1.87 | 2.03 | 3.07 | 321 | 3.85 | 2.18

NE 0451041 [ 028 [ 048 | 094 | 0.72 | 0.65 [ 0.66

NW | 030 (026 021 ] 033]059 (047|043 | 044

WHA | 084 | 0.81 1079 ] 095 1.53 | 1.47 | 1.64 | 1.09

TABLE 14
Acolian sediment transport parameter (Qa in m*/year), for the 8 sec-
tions of the Almiros beach zone (for section’s location see Figure 4b).

Sections
Qa 1 2 3 4 5 6 7 8
N 0.04 | <0.01 | - | <0.01 | <0.01 | 0.12 | <0.01 | 1.40
NE 021 | <001 | - | <0.01 | <0.01 | 059 | <0.01 | 7.11
E 0.02 | <001 | - | <0.01 | <0.01 | 0.06 | <001 | 056
SE 0.01 | <001 | - | <0.01 | <0.01 | 0.08 | <001 | 2.85
S 002 | <001 | - | <001 | <001 | 009 | <001 | 3.04
SW 0.02 | <001 | - | <001 | <0.01 | 0.10 | <0.01 | 3.36
w 0.09 | <001 | - | <001 | <0.01 | 045 | <0.01 | 14.67
NW [ 003 | <0.01 | - | <001 | <0.01 | 009 [ <0.01 | 092
Cross | -0.12 | <0.01 | - | <0.01 | <0.01 | -0.33 | <0.01 | -2.92
Long | 0.14 | <001 | - | <0.01 | <0.01 | 036 | <001 | 128

northerly waves are highest at Section 7 (0.93 m) and lowest
at Section 2 (0.26 m). For the NE and NW incoming waves,
the maximum values (0.17-0.19 m) occur over the central
part (Section 6), while the lowest values are found at Section
4 for the NE wave events (0.01 m) and at Section 13 (0.07 m)
for the NW wave events.

BVI for the Ammoudara beach zone

The values of the BVI variables for each section of the beach
zone are presented in Table 10. As can be seen, different vari-
ables present their maximum and minimum values at differ-
ent beach zone sections; this indicates the variability of the
processes operating along the different sections of the beach
zone. Thus, the highest (71.51%) and the lowest value of the
longshore sediment transport appear at Section 5, while the
lowest values (<25%) occur at Sections 9 to 12. For the cross-
shore variable, the highest value is found at Section 1
(82.42%), whilst the lowest is at Section 7 (55.57%). For the
wave run-up the highest value is of the order of 32.25% at
Section 9, whilst lowest (22.66%) is at Section 7. For the ae-
olian transport variable, the highest value is found at Section
8 (60.77%) and the lowest at Section 6 (0.42%). The BVI
value for the storm surge variable was found to be lowest at
Section 2 (13.20%) and highest at Section 7 (46.74%). Fur-
thermore, the lowest SS values at Sections 9 to 13 are attrib-
uted to the submerged coastal reef, which is at a minimum
distance from the sea surface in those sections.

All the calculated BVI values are presented in Table 10
and in Fig. 5. The overall BVI values range from 49.23%
(Section 5) to 24.32% (Section 12), showing relatively low
variability (~11%), from the average value deduced for all
the Sections (34.9%). These values show that Ammoudara
beach zone is moderately vulnerable to erosion.

BVI variables for the Almiros Beach zone

Longshore Transport variable (Qr)

The derived values for longshore sediment transport for the
Almiros beach zone (Table 11) has shown that the dominant
direction is to the east, whilst the high values are related to
the western section of the beach (e.g. 2504.16 m?/year at Sec-
tion 2). For all the calculated annual values, the direction is
towards the west with the highest value at Section 8 (0.57 103
m?/year). The lowest value of 1.81 10° m?/year is at Section 1.

Cross-shore transport Variable (Q.)

The maximum calculated values (Table 12) for the cross-
shore sediment transport are similar along the 8 sections,
ranging from 37.13 103 m%/year to 38.05 10> m?/year. Fur-
thermore, the relatively lower values (4.62 -6.86 10° m?/year)
appear to be associated with northerly waves, whilst the high-
est values have been derived for the northwesterly direction
(4.9-21.2 10° m¥/year,). On an annual basis, the values vary
from 14.9 10° at Section 3, to 37.7 10° m?/year at Section 5.
In general, higher values are associated with the eastern sec-
tions (5-7).
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Wave run-up variable (WR)

The values of the wave run-up variable for the 8 beach zone
sections, presented in Table 13, are referred to the maximum
wave conditions (regardless of direction) and to the mean
values obtained from the weighted average value of the 4
highest waves (WHA), with respect to their annual frequency
of occurrence.

The highest wave run-up exceeds the 2 m, being maxi-
mum at Section 5 (3.06 m). For comparison, the weighted
average (HA) values range from 0.8m to 1.64 m. The high-
est value is associated with Section 7 for N waves, whilst the
lowest (0.2 m) is at Section 3 for both, N and NW waves.

Aeolian variable (Q.)

The aeolian transport at the Almiros Beach zone was calcu-
lated for the mean value of each wind direction (Table 14). As
can be seen, the cross-shore movement presents, on an an-
nual basis, a seaward direction for all sections; this may cause
erosion of the subaerial part of the beach zone. In compari-
son, the longshore acolian transport is on a westerly direc-
tion, enhancing, therefore, erosion over its eastern part and
favouring accumulation to the west (Table14).

Storm Surge variable (SS)

The storm surge (SS) variable was found to have higher val-
ues in the case of the northern incoming waves. For the max-
imum wave conditions, the calculated values vary from 1.34
m (Section 6) to 1.8 m (Section 3). Further, the mean values
of the northerly waves have their maxima at Section 3
(1.56m), being at a minimum at Section 7 (0.98 m). The NE
and NW incoming waves present significantly lower values;
as such, their maxima are 0.44m (Section 2) and 0.31m (Sec-
tion 3), respectively, whilst their minima for both wave di-

et e s

TABLE 15
The Storm Surge parameter (SS in meters), for the 8 sections
of the Almiros beach zone (for section’s location see Figure 4b).

Sections

SS (m) 1 2 3 4 5 6 7 8
Max 1431 1.60 | 1.80 | 1.65 | 1.58 | 1.34 | 1.36 | 1.40
WA | 058]0.71|068]|046) 031037034031
A W.HA | 112 | 128 [ 1.56 | 1.31] 128 | 0.98 | 0.98 | 1.01
WA |[031]044 050027010019 0.16] 0.15
N W.HA [ 0.19 ] 022 [ 039 [ 0.18 | 0.08 [ 0.10 | 0.12 | 0.11
WA | 015] 0.18 [ 021 | 0.11 | 0.06 | 0.08 | 0.09 | 0.09

NW

W.HA | 0.18 | 021 [ 031 ] 0.17 | 0.08 | 0.10 | 0.11 | 0.11

TABLE 16
The BVI values for the 8 sections of the Almiros beach zone
(see also Figure 6).

Sections

1 2 3 4 5 6 7 ] Average

Q. | 4029 [ 2339 [ 19.58 [ 11.94 | 372 | 46.13 | 4330 | 2540 | 2672

Qc | 5791 ] 5244 | 39.10 | 55.44 | 98.97 [ 83.56 [ 87.55 | 67.92 | 67.86

WR [ 3351 | 32.18 | 31.40 | 37.70 | 61.16 | 58.53 | 65.48 | 43.04 [ 4545

Qs | 123 ] 001 | 000 [ 001 [ 001 [ 325 | 001 | 2918 421

SS | 61.97 | 71.27 | 86.68 | 72.83 | 70.82 | 54.34 | 54.26 | 56.07 [ 66.03

BVI [ 3898 | 3586 | 3535 | 35.58 | 46.93 | 49.16 | 50.12 | 44.44 [ 42.05

Section 10

Fig. 5. Graphic presentation of the BVI variable values and the total BVI value for the 13 sections of the Ammoudara beach zone.
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Fig. 6. Graphic presentation of the BVI variable values and the total BVI value for the 8 sections of the Almiros beach zone.

BVI for the Almiros beach zone
The BVI value for the longshore sediment transport value
ranges from 11.94% at Section 4, to 43.30% at Section 7. For
the cross-shore variable, the highest value is found at Sec-
tion 5 (98.97%), with the lowest at Section 3 (39.10%). For
the wave run-up (WR), the highest value is 65.48% (section
7) and the lowest (31.40%) at Section 3. The variable of ae-
olian transport (Qa) is minimal (almost 0%) at Sections 2, 3,
4,5 and 7, presenting its highest value at Section 8 (29.18%).
The storm surge (SS) variable is associated with the highest
values (>60%) over the western part (Sections 1-3) with its
lowest (<55%) towards the eastern end (Sections 6 and 7).
The overall values of the BVI (Table 16, Fig. 6) show a
relatively limited range, between 50.12% (Section 7) and
35.35% (Section 3), whilst the mean value for all of the 8
sections is 42.05%. These values, being below the 50%, in-
dicate a moderate vulnerability to beach zone erosion.

CONCLUSIONS

The application of the BVI has shown that the index is capa-
ble to identify areas with different levels of vulnerability to
erosion, within the same beach; this is the case of the Am-
moudara beach zone, where the coastal geomorphology of
the beach zone varies significantly. The vulnerability is re-
lated to the presence of a submerged coastal reef over its cen-
tral and eastern part, which modifies dramatically the
incoming wave energy. It is also possible to identify the dom-
inant variable that controls vulnerability over erosion at dif-
ferent sectors of the coastline. For example, for the
Ammoudara beach zone, the dominate parameter is long-
shore sediment transport; for the Almiros beach zone, the
most important variable is cross-shore sediment transport.
However, the index values could not be used for comparison

between different beach zones, if the maximum possible vari-
ability (100%) is not common for all the beach zones incor-
porated into the analysis.

The application of the BVI in the case of Ammoudara and
Almiros beach zones has shown that the most important vari-
ables that control vulnerability, therefore beach zone evolu-
tion, are granulometry, beach morphology and incoming
wave energy. Furthermore, it has been shown that the maxi-
mum value of one variable does not coincide, necessarily,
with the maximum BVI value. It has been found also that,
even if a variable appears to have a maximum value over a
specific section of the beach, the BVI value of this variable
may not be at maximum.

On the basis of the derived BVI values, the western part
of the Ammoudara beach zone is relatively more vulnerable
to erosion, than its eastern part; as its central and eastern part
are protected (low cross-shore sediment transport) by the
presence of a reef. The opposite situation applies in the case
of Almiros beach zone, where the BVI is relatively higher
over its eastern part; this is on comparison to its western part,
which is sheltered from the incoming NW wave energy.

A further development of the BVI should include a large
number of beach zones, with a wider range of variability,
such that an adequate data set can be established. Subse-
quently, a statistical analysis would provide the appropriate
‘common’ vulnerability boundaries which, in turn, could be
related to different beach zones.
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