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ABSTRACT: A sandy beach in the south of Portugal (Faro beach, Ria Formosa) was surveyed from the dune crest seaward to 15 m
depth 20 times over a period of 26 months. Wave time-series between surveys were analysed to obtain relationships between wave
height and vertical profile variations and to define wave thresholds for important morphological changes. Results show that the
active zone of the profile lies between 5 m above and 10-4 m below mean sea level, and that there are clear cross-shore differences
in the vertical variability of the profile. Based on the pattern of vertical variability, the profile was divided into four cross-shore
sectors: A (berm), 20-80 m from the profile origin; B (sub-tidal terrace), 80-170 m; C (long-shore bar), 170-360 m; and D,
360-700 m. The relationship between the modulus of the maximum vertical change in each sector and the 99th percentile of
significant wave height between surveys was always significant. Calculated thresholds for significant wave height generating
important morphological changes were 2-3 m in sector A, 3-2 m in sectors B and C, and 4-1 m in sector D. Copyright © 2010 John

Wiley & Sons, Ltd.
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Introduction

Studies of sediment dynamics in the coastal zone show that
storm waves cause sediment to move offshore, while fair-
weather waves and swell return the sediment shoreward (e.g.
Komar, 1976; Wright and Short, 1984; Lee et al., 1998; van
Rijn, 2009). The most rapid and dramatic changes in beach
morphology occur during storms, and many investigations
have studied the impact of extreme single storms (e.g. Birke-
meier, 1979; Dolan and Hayden, 1981; Balsillie, 1986, 1997;
Dolan and Davies, 1994; Ferreira et al., 1995; Morton et al.
1995; Fenster et al., 2001; Honeycutt et al., 2001; Zhang et al.
2001; Morton, 2002; Backstrom et al., 2008). More recently,
interest in the impact of storm groups has increased (e.g.
Steetzel, 1993; Lee et al., 1998; Birkemeier et al., 1999; Cox
and Pirrello, 2001; Lozano et al., 2004; Ferreira, 2005, 2006;
Callaghan etal., 2009). Study of sedimentary exchanges
between morphologic features of the beach profile, and their
relationship to wave conditions, encompasses many different
processes acting over wide spatial and temporal scales (De
Vriend, 1991; Larson and Kraus, 1995; Reeve et al., 2007). As
a consequence, uncertainty remains in the prediction of mor-
phodynamic changes in beach systems. Thresholds mark
major changes in system response for a variable reaching a
critical level (Woodroffe, 2002). This definition can be applied
to different processes occurring in beach systems, such as
wave conditions (the variable) that trigger relevant morpho-
logical changes (the system response). Since wave height is the

single most important determinant of beach type and changes
in beach conditions (Short, 1999), the objectives of this paper
are to determine the relationship between wave height and
beach profile vertical variability, and to establish the wave
height threshold responsible for important morphological
changes across the beach profile. In order to accomplish these
objectives, a new methodology is developed that should find
application on other beaches with morphodynamic behaviour
similar to that of the case-study examined here.

Study Area

The study area, the Ancdo Peninsula, is situated in the west-
ernmost part of the Ria Formosa barrier island system in the
Algarve region of southern Portugal (Figure 1). The area is an
open sandy shore without underlying geological control. From
the peninsula’s eastern attachment to the mainland, the dune
ridge decreases in height from c. 9 m to c. 6 m above mean sea
level (m.s.l.) (Ferreira, 2006). In the central area of the Penin-
sula (known as ‘Praia de Faro’), the dune ridge has been almost
completely destroyed by human settlement. The eastern part of
the Ancdo Peninsula has a low population density, located
mainly along the backbarrier. The eastern part of the peninsula
possesses less sedimentary stock at the shoreface, giving it an
erosional tendency (Martins et al., 1997; Ferreira et al., 1997;
Ferreira, 2006). In contrast, the eastern part of Praia de Faro is
characterized by a large vegetated area on the higher part of



2 L.P. ALMEIDA ET AL.

Study Area

e Hs (m)
=01
=12
o B
‘SP Faro-Olhéo Inlet 2™ 0% 4% 8%
Wave buoy
0 5 km ’
Atlantic Ocean
8700 o

Figure 1. Study area (adapted from
Vila-Concejo et al., 2006) showing the
topo-bathymetry profile locations (over
a 2005 ortophotomap), wave buoy
location and a wave rose obtained
from the wave dataset used in this
work.
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the upper beach, and has an accretional tendency (Ferreira,
2006). Net long-shore and littoral drift in this area is typically
from west to east, and various estimates of the rate of move-
ment are found in the literature: 10 000-20 000 m?/yr
(Andrade, 1990); 20 000-40 000 m*/yr (Bettencourt, 1994); 40
000 m?*/yr (Correia et al., 1997) and 34 800 m*/yr (DGPNTM,
1998). Beach morphological changes are mainly due to cross-
shore processes that produce major exchanges between the
bar and berm (Martins et al., 1997). Tides in the area are
semi-diurnal, with average ranges of 2-8 m for spring-tides and
1-3 m for neap tides, attaining maximum ranges of 3-5 m.
Wave climate in the area is moderate to high (Ciavola et al.,
1997), with an average annual significant offshore wave height
(Hs) of 0-92 m and an average peak period of 8-2 seconds
(Costa et al., 2001). The cuspate shape of the Ria Formosa
system produces two areas differentiated in terms of their
exposure to wave action. The predominant wave direction
is from the west-southwest (W-SW), accounting for 71%
of observations, while waves approaching from the east-
southeast (E-SE) account for 23% of observations (Costa et al.,
2001). In this area, storms have been defined as events where
Hs is greater than 3 m (Pessanha and Pires, 1981; Pires, 1998).
The dominant storms arrive from the W-SW, although the E-SE
(‘Levante’) storms can also be important.

Methods

The methodology comprises a five-step sequence, consisting
of: (1) the definition of the profile active zone; (2) the estab-
lishment of cross-shore sectors; (3) the determination of volu-
metric changes; (4) the determination of vertical variability;
and (5) the definition of thresholds of morphological change
using the relationship between wave height and profile vertical
variability.

Overall profile active zone

Between July 2001 and September 2003, a series of 20 shore-
normal surveys was obtained and subsequently analysed. The
survey period covered five seasons (Table 1), including three
summers (maritime summer defined as April-September) and
two winters (maritime winter, October—March). The surveys

Copyright © 2010 John Wiley & Sons, Ltd.

Table I.  Surveys and number of days between consecutive surveys

Survey date (dd/mm/yy)  Survey Interval between surveys (days)

23/07/01 1 -

23/08/01 2 32
20/09/01 3 28
25/09/01 4 5
26/11/01 5 62
12/02/02 6 78
20/02/02 7 8
04/03/02 8 12
23/05/02 9 80
19/06/02 10 27
27/06/02 11 8
01/07/02 12 4
09/07/02 13 8
17/07/02 14 8
25/07/02 15 8
03/09/02 16 40
29/10/02 17 56
25/01/03 18 88
13/05/03 19 119
25/09/03 20 135

involved measurements along six beach profiles spaced 20 m
apart (from west to east, profiles 1-6) and extending from the
dune crest to depths of about 15 m below m.s.l. (Figure 1).
Beach topography was measured with a total station with
auto-tracking. Bathymetric profiles were obtained using an
echo-sounder combined with real time kinematic differential
global positioning system (RTK-DGPS) measuring at 1 Hz.
Navigation along each beach profile, as well as data assimi-
lation between the ecosounder and the RTK-DGPS, was made
using HYPACK® 4-3a Gold software, allowing recorded
depths to be immediately corrected for water level variations
(i.e. tides and waves). Errors related to equipment operation
(Sa-Pires et al. 2002) comprise a vertical error of ~10 cm for
the topographic survey using the total station, and an error of
up to 11 cm for the combined RTK-DGPS plus echo-sounder
system used for bathymetry. Since those errors can be either
negative or positive, an overall maximum accuracy of about
20 cm can be expected. The active zone of the overall (‘mean’)
profile was defined by graphically overlaying all elevation data
standard deviations (o) calculated between each pair of con-
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secutive surveys for the six profiles measured. The upper and
lower limits of the beach (i.e. the closure depth) were defined
when ¢ = 20 cm, enclosing the range of errors derived from
the instrumentation used. The closure depth was also deter-
mined using Hallermeier (1981) and Birkemeier’'s (1985)
empirical methods for comparison.

Cross-shore sectors

After delimiting the overall profile active zone, a detailed
analysis of the six profiles’ vertical variations and standard
deviations was performed, aiming to divide the overall profile
into sectors and thereby identify the main active zones and
their role in establishing a dynamic equilibrium profile (e.g.
sedimentary exchanges occurring between sectors). Division
of the overall profile into sectors was based on the similarity of
the patterns derived from the standard deviation computation
for all surveys for each of the six profiles. Sectors were defined
by identifying the parts of the overall profile with a smaller
standard deviation (nodes of smaller morphological changes)
that separated the parts with a larger standard deviation (most
important morphological changes). Parts of the overall profile
with a larger standard deviation should correspond to beach
features (e.g. berm or bar position), while the parts with a
smaller standard deviation should correspond to transitional
parts of the profile. Winant et al. (1975) and Inman and Dolan

(1989) have made similar segmentations of beach profiles
previously.

Volumetric variation

The accretion/erosion volume for each profile sector was com-
puted using the trapezoidal integration method. The lower/
upper profile limits used for computations were defined using
the 20 surveys for each profile. Volumes were also individually
computed for each defined cross-shore sector. After obtaining
the volume for each sector in each profile, correlations
between sectors were determined in order to analyse inter-
sector volumetric relationships. The statistical significance of
each result was inferred in respect to the 0-01 and 0-05 levels,
using the Pearson correlation coefficient.

Profile vertical variability

Maximum vertical variation (MVV) of the beach profile was
determined for each sector by calculating the modulus of the
maximum difference between two consecutive surveys, high-
lighting those survey intervals during which important vertical
changes occurred. The threshold for important vertical varia-
tions was established for each sector, taking into account
measurement error (20 cm) and the amplitude of variations for
each defined beach sector.
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Figure 2. Overlap of all standard
deviation values computed for each
pair of surveys defining the upper (A)
and lower (B) limits of the active beach
zone.
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Relationships between wave conditions and
vertical variability

Wave data from the directional wave-rider buoy offshore of
Station Maria Cape (location 36°54-3’N, 07°53-9'W, 93 m
depth; Figure 1) were provided by the Portuguese Hydro-
graphical Institute (IH). The buoy records significant wave
height (Hs), mean peak period (Tp), and mean wave direc-
tion () for 20 minutes every 3 hours, except during storm
periods when data are recorded every half hour. The 99th
percentile Hs value (Hsq) was used to characterize each
survey interval as it provides wave heights associated with
high energy events such as storms. An average Hs for each
interval would mask high energy events and would not be
indicative of the most important morphological changes. The
absolute maximum Hs of each interval could have been
used, but a single high value (outlier) could occur without
necessarily inducing important morphological changes. The
use of the 99th percentile is a way of expressing the
maximum energy conditions for each interval analysed,
excluding potential outliers at the same time. Relationships
between MVV and Hsq were determined for the overall
profile in each sector through the use of linear regression,
yielding both a line of best fit and a significance level for the
relationship. The calculated lines constrained the intercept
through the origin assuming that there are no vertical varia-
tions when the Hs is zero. The resultant equations define the
empirical relationships between offshore wave height and

vertical variations in each sector, which enabled a significant
wave height threshold for important morphological change to
be calculated for each sector in the overall profile. In order
to overcome the fact that survey intervals are irregular, the
analysis focused on storm events capable of significant
morphological changes. The assumption is that events of
higher magnitude produce significant changes on the beach
profile that are maintained through time. Differences
between surveys grids were computed when Hsgg was higher
than 3 m.

Results

Profile active zone

The near-shore upper limit was determined to lie c. 20 m
seaward of the profile origin (located on the dune crest), cor-
responding to a height of c. 5 m above m.s.l. (Figure 2A). The
lower beach profile limit (or closure depth) was located at c.
10-4 m depth (below m.s.1.), approximately 700 m offshore of
the profile origin (Figure 2B). Variations outside the defined
limits were considered negligible or inside the error interval.
The closure depth is in accordance with the 10-5 m (below
m.s.l.) obtained by Dolbeth et al. (2007) for the same study
area. Empirical methods gave closure depths between 7 m
(Birkemeier, 1985) and 9 m (Hallermeier, 1981).
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Cross-shore sectors

Individual sectors are represented by sequences of high stan-
dard deviation values, related to higher vertical variability
amplitudes (antinodes), separated by depressions with lower
amplitudes (nodes) (Figure 3). On the basis of the antinode-
node pattern, the beach profile was divided into four sectors
(Figure 3B): sector A (from 20 to 80 m from the profile
origin); sector B (between 80 and 170 m from the profile
origin); sector C (from 170 to 360 m from the profile origin);
and sector D (from 360 to 700 m from the profile origin).
Sector A presents the highest variability, sector B presents
intermediate values, and sectors C and D are characterized
by the lowest variability (Figure 3B). Graphical comparison
of the mean standard deviation for each profile shows a good
agreement for the defined sectors, both in terms of amplitude
and cross-shore location. The agreement is best for sectors A,
B and C, and worst for the deeper parts of the profile (sector
D), where profile behaviour differs markedly (Figure 3A). The
overlap of all surveys for beach profile 1 (Figure 4) allowed
us to identify morphological features clearly related with
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Figure 4. Overlap of all surveys for
beach profile 1, of the active profile
zone, with shaded division of each
cross-shore sector.

-12
20 60

100

120 SECTOR A

140

180 220

sectors: (i) sector A is dominated by berm changes; (ii) sector
B is predominantly a sub-tidal terrace (55% of occurrences);
and (iii) sector C includes the position of a long-shore bar
(33% of observations).

Volumetric variation

Profile volumetric variations for the period analysed, and for
each sector, show clear and distinct behaviours (Figure 5).
These trends are undoubtedly sector-dependent and can be
positively or inversely related from sector to sector. For
instance, at the beginning of the first winter, sectors A and C
reveal erosion, while sector B shows volume recovery. The
opposite occurs during the second winter. Inter-sector corre-
lation coefficients for volumetric variation demonstrate differ-
ent patterns between the profiles (Table Il), as shown most
dramatically through comparison of profiles 3 and 6. Despite
the differences in correlation coefficients between profiles,
the average of all coefficients reasonably represents the char-
acteristics of overall relationships between sectors. Although
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Volumetric variations in each sector of each profile during the monitored period.
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differences in correlation suggest some long-shore compo-
nent, the correlation trends present the same behaviour
through different sectors and profiles, providing evidence of
beach cross-shore dominance. This observation was also
made by Martins et al. (1997). The statistical significance of
correlations between sectors show that A/B (negative) and
A/C (positive) are significant at the 0-01 level, B/C is negative
at the 0-05 level, and C/D did not yield significant results at
the levels tested.

Vertical variability

Sectors A and B presented generally higher values of MVV
throughout the study period, while sectors C and D presented
high MVV values for only a small number of surveys
(Figure 6). Determination of MVV (Figure 6), together with the

Table Il. Correlation coefficient values of each linear fit established
for each pair of sectors

Profile Sectors A/B Sectors A/C Sectors B/C Sectors C/D
1 —-0-82* +0-64* —0-471%** +0-0004***
3 -0-77% +0-54** —0-27%** +0-05%**

5 -0-69* +0-75%* -0-60* +0-10%**

7 —-0-63* +0-65* —-0-56* +0-02***

9 —0-52** +0-36%** -0-62%* +0-002***
11 —0-24%** +0-11%** —0-51** +0-15%**
Mean —0-74* +0-61* —0-54** +0-02%***

* Significant at the p < 0-01 level.

** Significant at the p < 0-05.

*** Not significant.

Note: ‘+" positive relationship; '~ negative relationship.
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analysis of standard deviation (Figure 3), suggested a thresh-
old for important vertical variations in each sector. For sectors
C and D, since these were the sectors with the lower average
magnitude of vertical variations, the threshold was defined as
any variation above the measurement error (20 cm). For
sector B, which had an average magnitude of vertical varia-
tion 1-5 times higher than that observed in sectors C and D,
the vertical threshold was set at 30 cm. For sector A, which
presented an average magnitude of vertical variation in the
order of 2-3 times higher than the variation observed in
sectors C and D, the threshold was defined as 40 cm. These
defined thresholds allowed us to distinguish the surveys in
which important vertical variations occurred (surveys 5, 6, 8,
9,17, 18, 19, and 20; Figure 6) in at least one of the sectors
analysed.

Wave conditions and vertical variability

Six storm events occurred during the study period, with
values of Hs ranging from 3 to 4-5 m (Figure 7). The relation-
ship between MVV and Hsq for each between-survey inter-
val for each sector (Figure 8) was quantified using a least
squares regression applied to each sector. The resulting
empirical relationships between MVV and Hseg for the dif-
ferent sectors are:

MVV, =0:1712:Hsqg
MVV; = 0-0916:-Hsqg
MVVc = 0-0635-Hsqg
MVVp = 0-0488-Hsqg

These relationships essentially predict the MVV of the different
parts of the beach profile in terms of different wave conditions
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Figure 6. Maximum vertical variation (MVV) between consecutive surveys for all sectors and defined threshold limits.

Copyright © 2010 John Wiley & Sons, Ltd.

Earth Surf. Process. Landforms (2010)



THRESHOLDS FOR MORPHOLOGICAL CHANGES 7

w
n

Hs99 between surveys (m)
- ~

o
n

012 345678 9101M121314151617 181920

Survey

Figure 7. 99th percentile of significant wave height (Hsqe) between
surveys.

_ SECTOR A
i 1
g r = 0.67 (0.01 significance level) o
:;,';' 0.8
g
= 0.6 o (¢}
Q
b= e b
204
g © °
£ 0.2
£ P
2 e | i
0 05 1 1.5 2 25 3 35 4 45
Hs99 (m)
Zezo SECTOR C
g 1
5 r'= 0.63 (0.01 significance level)
£ 0.8
E 0.6
504 )
£
E 0.2 . %)
§ 0 [e1e] .
0 05 1 1.5 7 25 i3 3.5 4 45

Hs99 (m)

(Figure 9). Using these relationships and the important vertical
variations in each sector (sector A, 0-4 m; sector B, 0-3 m;
sectors C and D, 0-2 m), we determined a threshold represent-
ing the lower limit of offshore wave height conditions able to
generate important morphological changes. For sector A the
threshold Hs is about 2-3 m; for sectors B and C it is approxi-
mately 3-2 m; and for sector D it is about 4-1 m. Therefore,
Hsee seems to be a good indicator of significant morphological
changes on the beach profile even when the period between
consecutive surveys is long. Computation of the vertical
differences between surveys with Hsg9 > 3 m shows that the
footprint left by the storm remains evident through time
(Figure 10).

Discussion

In this study, as a first step towards the definition of thresholds
for morphological change on beach profiles, cross-shore
sectors were defined based on the standard deviation of eleva-
tion change between consecutive surveys. Sectors A (between
20 and 80 m from profile origin and about 5 to —=1-3 m, m.s.l.)
and B (between 80 and 170 m from profile origin and about
—1-3 to —3-4 m depth, m.s.l.), show the most dramatic vertical
changes along the whole profile (Figure 3). These two sectors
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Figure 10. Grid differences between pairs of surveys where Hsqy was above 3 m (column at left) and Hs data between the surveys (column at right).

are related to major beach morphological features (Figure 4):
the berm (sector A) and the sub-tidal terrace (sector B). The
other sector related to a morphological feature is sector C
(between 170 and 360 m from profile origin and about —3-4 to
-6 m depth, m.s.l.), dominated by changes on long-shore bar
formation. Sector D (between 360 and 700 m from profile
origin and about —6 to —10-4 m depth, m.s.1.) does not appear
to present a clear relationship with any morphological feature,
although the vertical variability in this sector is low, indicating
that this part of the profile is less active. The pattern of the
standard deviation of height/depth between surveys along the
beach profile can be interpreted as differential responses to
wave energy by the different sectors, and shows that the inner
sectors (A and B) undergo a greater magnitude of change than
do the offshore sectors. Profile analysis also indicates that the
beach system’s response to wave conditions is faster for sectors
A and B (Figure 8). Similar results were obtained by Reeve

Copyright © 2010 John Wiley & Sons, Ltd.

et al. (2007) in a study of multi-scale temporal variability of the
beach profile at Duck (North Carolina, USA). Volumetric varia-
tion observed for individual profiles and the mean variation
calculated for the overall profile are similar for the entire
monitored period (Figure 5), indicating a relatively uniform
along-shore behaviour between the profiles. This helps to con-
solidate the assumptions made within the study regarding the
use of the overall (‘mean’) profile as reasonably representative
of the six profiles measured. Sector B shows a significant
negative relationship with sector A for volume variation, espe-
cially for the first and second winters (Figure 5), when the
volume losses of sector A were transferred to sector B and
vice-versa. This represents sediment transfer from the berm to
the sub-tidal terrace during high energy conditions (winter
storms) and the opposite effect for average energy conditions
(storm recovery). During low energy conditions (e.g. second
summer, Figure 5), changes are minimal. Sectors A and C yield

Earth Surf. Process. Landforms (2010)
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a significant positive correlation, demonstrating that there is no
direct sediment transfer between the berm and the long-shore
bar, but rather, that sediment transfer from sector B (sub-tidal
terrace) occurs to both A and C.

Computation of MVV, and the definition of threshold verti-
cal variations for each sector, allowed the identification of
survey intervals in which important vertical variations
occurred (Figure 6). MVV and Hsee show the direct relation-
ship between higher MVVs and intervals between surveys
during which storm events occurred (Figures 6 and 8). By
computing differences between surveys where Hsg > 3 m
(Figure 10), it was possible to observe that, in some cases, the
variations are related to recovery from the storm event (interval
8 and 18), maintaining and preserving the footprint of the
storm impact. These findings support the use of both indicators
(MVV and Hsgo), even when the interval between surveys is
higher (more than a month). The fit between MVV and Hsgg
was computed using values of MVV below the measurement
error (20 cm). Although these values can be considered sam-
pling noise, they represent higher probability of occurrence in
a 20 cm probabilistic interval and therefore the best approach
of lower MVV. The sector presenting the best fit between Hsqq
and MVV is sector A (the berm), indicating a more rapid
morphodynamic response to forcing agents, as found in pre-
vious investigations (e.g. Niedoroda et al., 1985; Cowell et al.,
1999; Backstrom et al., 2008). With increasing distance from
the profile origin, a higher Hsqgvalue is required for an impor-
tant morphological response. Thresholds for significant mor-
phological change in the study area range from Hsgg = 2:3 m
for the berm (sector A) to Hsge = 4+1 m for sector D (near the
depth of closure).

Conclusion

This study investigated variations in beach profile morphol-
ogy in the Praia de Faro area (southern Portugal) and their
relationship to wave conditions, including significant wave
height. Morphological changes in the beach profile were
greatest at the beach face/berm and sub-tidal terrace. Sedi-
ment lost from the beach face was gained by the sub-tidal
terrace, and vice-versa, depending on wave conditions. The
relationship between offshore wave height and profile vari-
ability allowed three thresholds for morphological change to
be defined: waves higher than 2-:3 m are responsible for
important morphological changes to the berm and beach
face (sector A); waves higher than 3-2 m are responsible for
important changes to the sub-tidal terrace and long-shore bar
(sectors B and C, respectively); and waves over 4-1 m in
height are needed to effect morphological change further
seaward, near the depth of beach closure (sector D). A wave
threshold for predicting morphological changes to the beach
profile is of interest and importance to both scientists and
coastal planners/managers. The quantitative relationship
established between wave conditions and elevation changes
could be useful from a coastal management perspective; for
example, to predict the impact of storms on the beach or to
inform beach nourishment programmes. The method adopted
in this study could be applied to any coastal area where
cross-shore profiles and off-shore wave data are available for
a given monitoring period of not less than one year and
encompassing storm/recovery cycles. The study has shown
that the division of the beach profile into different sectors
according to distinctions in the magnitude of morphological
change is a useful tool for investigating cross-shore elements
and beach dynamics. The technique may have more limited

Copyright © 2010 John Wiley & Sons, Ltd.

application to beaches where morphological changes asso-
ciated with the long-shore component superimpose cross-
shore behaviour.
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