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This paper investigates morphological changes in headland bay beaches with emphasis on short-term beach rotation
processes, elucidating how it is affected by the planform/degree of curvature of the beach, and by the different mor-
phodynamic characteristics of the beach systems monitored. The beaches monitored in the present study were Bal-
nedrio Camboriu, Brava and Taquaras/Taquarinhas beaches. They have different lengths, degrees of curvature, and
levels of exposure to the incident waves, and represent different beach types. Indentation ratio and the SL/CL ratio
were measured, and beach profile surveys every 15 days were made in order to measure variations of beach volume
and width for each beach. Visual wave and beach observations were recorded daily. Results indicate that morphological
changes in headland bay beaches are influenced mainly by beach planform and indentation ratios, presence of rip
currents and submerged bars, shoreline length, and beach type. The beach volume and with variations demonstrated
that headland bay beaches have defined sectors with different behaviour, as influenced by headland impact on incident
waves and longshore currents. Short-term beach rotation is manifested as out of phase variation of beach volume and
width between opposite ends of a headland bay beach. Rotation amplitude of about 20 meters was observed at a
dissipative beach (Balnedrio Camboriu), and on the reflective beach of Taquaras/Taquarinhas. Brava beach did not
show clear patterns of short-term beach rotation, but there was a subdivision of the beach into two sectors with
different magnitudes of sediment removal and behaviour. The occurrence of short-term beach rotation processes in
some of the beaches indicates that, erosive events are often caused by a realignment of the beach shoreline in response
to a shift in incident wave direction. In these cases the sediment eroded is not lost from the beach system but deposited
elsewhere along the beach, and often returning to the initial location in response to a new shift in wave direction.

ADDITIONAL INDEX WORDS: Embayed beaches, Brazilian sandy beaches, Beach morphodynamics.

INTRODUCTION

Oceanic sandy beaches are extremely dynamic environ-
ments. According to CARTER (1988) beach systems and adja-
cent zones dissipate a large amount of wave energy, and ex-
perience morphologic variability in temporal scales that vary
from a few seconds to decades. Better understanding of the
magnitude and spatio-temporal behavior of beach systems, in
seasonal and long term-scales, is required to correctly plan
beach management strategies.

In rocky coastal zones such as occur along Santa Catarina
state coast in southern Brazil, headland bay beaches are a
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common occurrence. The term headland bay beach or em-
bayed beaches defines a sandy shoreline bounded by rock out-
crops or headlands where its shoreline assumes some form of
curvature (SHORT and MASSELINK, 1999; KLEIN and MENEZES,
2001). Headland bay beaches often develop an asymmetric
form, that is characterized by a shadow zone with strong cur-
vature adjacent to the downdrift headland, a gently curved
transition zone, and a straight end, that is normal to the an-
gle of incidence of the more energetic waves. In this case they
are also called parabolic beaches (Hsu and Evans, 1989; SIL-
VESTER and Hsu, 1993; SHORT and MASSELINK, 1999).
Although SHORT and MASSELINK (1999), reported that 51%
of the worlds coastline presents headland bay beach mor-
phology, not much research has been conducted in this en-
vironment. Between the research developed in headland bay
beaches there are the works published by Yasso (1965),
SHORT (1979), FINKELSTEIN (1982), CARTER (1988), Hsu and
Evans (1989), JAcKsON and NORDTROM (1992), SILVESTER and
Hsu (1993), SHYER MING and KOMAR (1994), SHORT et al.
(1995), COWELL et al. (1996), KOMAR (1997), SHORT and Mas-
SELINK (1999), SHORT et al. (2000), MASSELINK and PATTIAR-
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Figure 1. Cross-shore and longshore transport components in headland bay beaches and their resultant interactions. The diagram to the right represent
the rotation of the beach planform, as a result of shifts in longshore drift direction at headland bay beaches {modified from VErHAGEN, 2000).

ATCHI (2001). In Brazil there is also some research conducted
in headland bay beaches by KowsmaN (1970), MUEHE (1979),
FaRIAS et al. (1985), BITTENCOURT ef al. (1987), CASTILHOS
(1995), MENEZES and KLEIN (1997), KLEIN et al. (1997), TEMME
et al. (1997), MENEzES (1999), BENEDET FILHO et al. (2000),
MIoT DA SILVA et al. (2000), KLEIN and MENEZES (2001).

KLEIN and MENEZES (2001) suggested that the range of
alongshore beach morphology for a headland bay coast is a
result of the distance from headland, shape of the bay, wave
obliquity, indentation ratio, longshore grain size distribution
and nearshore slope.

In headland bay beaches beach rotation processes are a
common occurrence. According to SHORT and MASSELINK
(1999), this process refers to a shift in alongshore sand trans-
port between opposite extremities of headland bay beaches;
this shift 1s attributed to periodic or long-term changes in
wave climate, especially in wave direction. This process can
occur over a range of time scales, incurring large variation
and movement of the coastline, without net gain or loss of
sediment in the system.

Seasonal longshore and cross-shore sediment transport
take place in headland bay beaches simultaneously. While
the cross-shore component is responsible for interactions be-
tween subaerial beach and submerged bars, longshore trans-
port is responsible for the rotation of the beach planform, as
shown in Figure 1.

The purpose of this report is to investigate morphological
changes in headland bay beach systems, with emphasis on
the short-term beach rotation processes, elucidating how it is
affected in planform by the degree of beach curvature, and
by morphodynamic characteristics of the beach systems.

ENVIRONMENTAL SETTING

Three beaches were monitored in the present study, Brava,
Balneario Camboriu, and Taquaras/Taquarinhas. Those
beaches are located in the central-north coast of the State of
Santa Catarina between 26°30" S and 27°20" S (Figure 2), in
the coastal macro-compartment of the Crystalline Scarps

(MUEHE, 1998). Northeasterly winds are predominant and are
interrupted by southwesterly quadrant winds associated with
the arrival of cold fronts (NOBRE ef al., 1986). The direction
of more energetic incident waves is south southeasterly (Al-
VES, 1996). The local tide is microtidal, mainly semidiurnal
with small inequalities, with a mean range of around 0.8 m
and a maximum tide of 1.2 m (CARVALHO et al., 1996; TRrU-
COLO, 1998). The meteorological influence of sea level is very
important because storm surges can raise at least one meter
above the normal astronomical tide (CARVALHO ef al., 1996;
TrucoLo, 1998).

Balneario Camboriu is an arc headland bay beach that is
delimited by two rocky outcrops with a central salient. The
salient results from the diffraction of incident waves when
they meet das Cabras Island, a physical emerged obstacle.
The shoreline is 5840 meters long, with a medium dry beach
width of 17 meters, and a NW-SE orientation. The northern
portion of the beach is exposed to waves from the SE, and its
southern sector is in a more sheltered zone. This dissipative
beach is composed by fine sand (0.16 mm), and shows mor-
phologic characteristics such as beach cusps with 15 to 20
meters long (TeMME et al., 1997; MENEZES, 1999; BENEDET
FILHO et al., 2000; M10T DA SILvVA ef al., 2000, KLEIN and ME-
NEzES, 2001).

Brava beach is a headland bay beach with little curvature
between rocky outcrops. The shoreline is 2650 meters long,
with a medium dry beach width of 34 meters, N-S orienta-
tion, and exposed to waves from the SE direction. This inter-
mediate beach is composed by medium sand (0.32mm), has
submerged bars, beach cusps with 25 to 30 meters long, and
megacusps spaced about 160 meters between horns, strong
rip currents are also present (MENEZES, 1999; BENEDET FILIO
et al., 2000; KLEIN and MENEZES, 2001).

Taquaras/Taquarinhas beaches are divided by a rocky out-
crop that extends about 10 meters offshore, located in the
northern sector of the beach arc. For this study these beaches
are considered to be part of the same beach system, as they
belong to the same beach arc and the outcrop does not inter-
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Figure 2. Study site map and oblique aerial photos of Balnedrio Camboriu, Brava, and Taquaras/Taquarinhas beaches.

rupt the continuity of the shoreline. They also have similar
sedimentary characteristics (MIOT DA SILVA et al., 2000) and
sediment exchanges (BENEDET FILHO et ol., 2000). This beach
system has a parabolic planform, with a curved zone, a tran-
sitional zone, and a straight end. The shoreline is 1570 me-
ters long, with a medium dry beach width of 27 meters (ME-
NEZES, 1999). This reflective beach is composed by coarse
sand (0.90 mm), has a N-S orientation, and is exposed to the
waves from the SE quadrant. Morphologic characteristics in-
clude beach cusps spaced 30 to 35 meters apart, and there
are no submerged bars (MENEZES, 1999; BENEDET FILHO et al.,
2000; KLEIN and MENEZES, 2001).

SAMPLING AND ANALYSIS
Point of Greater Indentation and Indentation Ratio

The following parameters were estimated from aerial pho-
tos from 1978 (1:25,000 scale) and from 1995 (1:12,500 scale):
control line (R,), predominant wave direction (), and greater
indentation (a), following the methodology proposed by Hsu
and EvaNs (1989), SILVESTER and Hsu (1993) (see Figure 3).
Two basic parameters in their method are the reference wave
obliquity B and control line length R, (Figure 3). Variable B
is a reference angle of wave obliquity or that between the
incident wave crest (assumed linear) and the control line,

which is the line joining the upcoast diffraction point to the
near straight downcoast beach (Figure 3).

The greater indentation is drawn normal from the control
line to the point of more pronounced retreat of the bay shore-
line. The point between the downdrift headland and the
greater indentation is the shadow zone of the bay, protected
from the direct attack of the incident waves. The indentation
ratio (a/R,) indicates the degree of curvature of the headland
bay beach.

Relation Between Embayment Width (CL) and the
Length of the Embayment Shoreline (SL)

To measure the shoreline curvature (deepness of the bay),
and make further comparisons with the indentation ratio
from SILVESTER and Hsu (1993), and with the morphological
changes observed at the headland bay beaches, the relation
between the shoreline length and the embayment width (SL/
CL) is used. The parameters SL, and CL are illustrated in
Figure 3, and were derived from the nondimensional embay-
ment scaling parameter (8') described by SHORT and MASSE-
LINK (1999).

Beach Profile Measurements

Balnedrio Camboriu Beach profiles were obtained between
January 1994 and February 1996. Eighteen profiles were

Journal of Coastal Research, Vol. 18, No. 3, 2002
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Figure 3. Dlustration of the “a” and R, parameters according to Siuvester and Hsu (1993), and the CL and SL parameters according to SHoRT and

MasseELINK (1999).

monitored monthly along the beach shoreline, 6 profiles were
chosen for the present report. The profiles were monitored
with a leveling instrument as proposed by BIRKEMEIER (1981)
and evaluated by the Interactive Survey Reduction Program,
(ISRP) (BIRKEMEIER, 1986).

At Brava and Taquaras/Taquarinhas Beaches profiles were
obtained between January and November, 2000. Five profiles
were monitored at Brava Beach and six profiles at Taquaras/
Taquarinhas Beach, a total of 17 surveys were conducted.
The profiles were obtained using an electronic theodolite, ac-
cording to the method proposed by BorGes (1977) that con-
sists in a profile measurement using trigonometry. Beach
profiles surveys were made every 15 days.

A scheme of the beach profile envelope is shown in Figure
4. The x-axis extends seawards, and the y-axis extends ver-
tically upwards. The origin of the co-ordinates is located at
mean sea level at a fixed reference point. The morphological
variables are computed using the landward boundary (x1)
and the seaward boundary (X2) as recommended by TEMME
et al. (1997). The landward boundary (X1) is constant per
profile. The locations of these points were determined using
the profile envelopes as shown in Figure 4. The location of
X1 is chosen so that this part of the profile is not included
in the analysis. The seaward boundary, the location of the
mean sea level (X2) is used in all cases, as a consequence,
only the subaerial parts of the profile change are analyzed

reference line

+y
r street B beach B surf zone
sub-aerial beach-volume (V)
h Mean-sea-level
max \
+X
- - e e [ —
0 X, Beach-width (L) X,

Figure 4. Profile envelope and morphometric variables obtained, beach volume {(m3/m), and beach width (m) (extracted from TEMME et al., 1997).
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tmobile subaerial zone). The beach volume (V) is defined as
the cross-sectional area within the boundaries X1 and X2 per
unit length of the shoreline (SONU and vaN Brgk, 1971). The
width of the beach (1) is defined as the distance between the
boundaries X1 and X2.

Simple linear correlation tests were made between the
beach volume and beach width variations in the different pro-
files of the same beach. Correlation were considered to be
significant with p<<0.05. The correlation tests were conducted
to check for positive or negative correlation between the var-
iations of beach width and beach volume in the profiles lo-
cated on opposite ends of the headland bay beaches.

Small period fluctuations were filtered using moving av-
erage with the interval of two surveys, and anomalies were
calculated, in an effort to enhance the graphic visualization
of the beach volume and width fluctuations.

Visual Wave Estimations

Visual wave observations were made almost daily on the
northern end of Brava Beach from January to November
2000. The visual wave estimations were made using the
methodology adapted from the sea sentinels project (MELO,
1993). The following wave parameters were collected:

1) Wave direction was obtained from the top of the headland,
from the direction of propagation of wave trains in deep
water, relative to coastline orientation, which was ob-
tained from nautical charts.

Wave breaker height was visually estimated in intervals

of 0.5 m, as the difference between the wave crest and

trough.

3) Wave period was estimated using a chronometer, as the
interval of time elapsed between the passage of two con-
secutive wave crests past a fixed point such as boats, surf-
ers floating, or fixed structures. The procedure is repeated
three or four times for calculations of an average.

2

Simultaneously to visual wave observations, daily wave
forecast models were recorded from the following Internet
sites: www.atlasul.inpe.br and www.fnmoc.navy.mil. These
model images were used to visualize the fetch of the incident
waves, as well the predominant direction of wave propagation
in the oftshore zone.

There were a total of 238 daily wave observations. Wave
height was represented in a temporal series to visualize the
peaks of greater wave height. The wave period was divided
in five classes and frequency of occurrence for each class was
calculated. Wave direction data was divided in three main
directions of approach, and their monthly frequency of occur-
rence were calculated, to detect shifts in predominant wave
direction throughout the year,

RESULTS AND DISCUSSION

Beach Planform Measurements and its Relation to
Profile Mobility

Figure 5 exhibits the planform of the beaches monitored,
their respective control line (Ro) and indentation (a), accom-
panied by the profile variations in the sheltered zone and the

volume variations in the exposed and sheltered zones plotted
together. Indentation ratios (a/Ro) and the values of SI/Cl are
shown in Table 1.

The more indented beaches, Balneario Camboriu and Ta-
quaras/Taquarinhas have shown a/Ro values in the order of
0.4 and 0.39 respectively, and the less indented Brava beach
a value of 0.26.

At Figure 5 it is possible to visualize the discrepancies in
the volume variations between the sheltered and exposed
zones at Balneario Camboriu and Taquaras/Taquarinhas
Beaches, and a more similar behavior at Brava Beach. While
at Taquaras/Taquarinhas Beach in the exposed profile three
volume variations in the order of 77m"*/m were measured, the
sheltered profile 6 presented volume variation in theorder of
15m?/m during the whole period (80% less). At Balnedrio
Camboriu, maximum volume variation measured was 19m?/
m for the exposed profile 3. At the sheltered profile 15, max-
imum variation measured was in the order of 1.7m?%m (92%
less). At Brava beach this difference was less pronounced,
with maximum beach volume variation on the order of
38.2m*/m at profile 2, against 14.9 m*m at profile 5 (59%
less).

Based on these results a relationship between beach profile
mobility (variations of beach width and volume throughout
the year) and the curvature of headland bay beaches is evi-
denced. Profiles located between the point of greater inden-
tation and the downdrift headland, had smaller mobility in
the headland bay beaches monitored. Examples are profiles
11 and 15 at Balnedrio Camboriu, profile 6 in Taquaras and
profile 5 at Brava beach (see Figure 5). Highly curved beach-
es, those with an indentation ratio around 0.40 or SL/CL
around 1.8 experience greater headland influence on profile
mobility, and have a well defined shadow zone. Beaches with
less curvature, smaller indentation ratio (around 0.20) and
smaller SL/CL (around 1.18), experience less headland im-
pact on profile mobility. and have a small, and not well de-
fined shadow zone.

Southeastern waves have major influence on the planform
of the beaches analyzed, as previously described by KLEIN and
MENEZES (2001). Consequently the greatest impact of the
headlands on the beach planform, and profile mobility, occurs
toward the south end of each beach analyzed.

As a result of different degrees of curvature and different
orientation, previous authors classified these beaches in re-
lation to their degree of exposure to southeast swells (ME-
NEZES and KLEIN, 1997; MENEZES, 1999; KLEIN and MENEZES,
2001). These authors classified the beach of Balnedrio Cam-
boriu as semi-exposed and the beaches of Taquaras/Taquar-
inhas and Brava as exposed.

The relation between the shoreline length and the embay-
ment width (SL/CL.) demonstrated similar results as to those
obtained with the indentation ratio (a/R,) (see Table 1). How-
ever the relation SL/CL provides no definition of a transition
point of greater curvature on the bay shoreline.

As the curvature of a headland bay beach increases, the
portion protected from the direct attack of the incident waves
(shadow zone) increases. As a result greater variations of
morphodynamic parameters such as profile mobility, beach
volume and width, and wave breaker height along the head-

Journal of Coastal Research, Vol. 18, No. 3, 2002
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Figure 5. Definition of the greater indention point, definition of “a” and Ro, beach volume fluctuations at profiles with bigger and smaller mobility, and
less mobile profile for each beach monitored. Extracted from aerials at a 1:25,000 scale (Balnedrio Camboriu), and at a 1:12,500 scale (Taquaras/Taguar-

inhas and Brava beaches).
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Table 1. Relations a/R, and SL /CL in the monitored beaches.
Beach a/R, SL/ACL
Balneario Canboriu 0.40 1.82
Brava 0.26 1.18
Taguaras/Taguarinhas 0.39

1.86

land bay beach shoreline is observed in highly curved beach-
es. In these beaches the exposed straight end will experience
greater profile mobility, larger breaker height, and greater
fluctuations of beach volume and width values when com-
pared to the sheltered section of the beach. On the other
hand, as the curvature of a headland bay beach decreases and
it assumes a straight planform, it tends to have a smaller
shadow zone, and the fluctuations in beach volume and width
will have similar magnitudes along the headland bay beach
shoreline.

Wave Observations:

Wave data resultant from the 276 observations conducted
between January and October 2000 is presented in Figures 6
and 7 and summarized in the following paragraphs.

Wave breaker height, and wave periods is shown in Figure
6a and b respectively. During the monitored period average
breaker height was 0.8 m, and three storm events were ob-
served, with wave heights above 1.8 meters (Figure 6a).

Predominant class of wave period was 7 to 9 seconds, with
43% of the observations, followed by 9 to 11 seconds waves
with 34% of the occurrences (Figure 6b).

Predominant wave direction was S/SE with 49% of the oc-
currences, followed by N/NE waves with 34% of the occur-
rences (Figure 7a). Shifts in predominant wave direction oc-
curred during the year of 2000 (Figure 7b and 7c). At the
months of March and April, S/SE waves were predominant
with about 58% of the occurrences, and during the months of
September and October N/NE waves were predominant, with
62% of the occurrences (Figures 7b and 7¢). These shifts in
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Figure 6. a) Temporal series of wave breaker height (Hb) and b) wave period intervals of predominant occurrence.
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Figure 7. Predominant wave direction during the whole monitorment period (7a) and during the months of March/ April (7b) and October/September

(7c).

wave direction strongly influenced the behavior of the head-
land bay beaches monitored, as discussed in the following
sections.

Short Term Beach Rotation Process

As a response to shifts in wave direction fluctuations of
beach volume and beach width in headland bay beaches can
be out of phase between opposite ends, manifesting an ap-
parent beach rotation. Headlands represent a physical obsta-
cle to the littoral drift. The beaches monitored in this study
exhibited this kind of out of phase behavior, at different
scales, showing distinct patterns according to their particular
morphodynamic characteristics. The following examples brief-
ly illustrate the behavior of the three beaches monitored in
the present research.

Taquaras/Taquarinhas Beach

Beach volume variation in different sections of the beach
is presented in Figure 8. Looking at the figure clockwise
starting from the top left the beach volume variations in pro-
files 1 and 5 during the same period is shown. Note the op-
posite trends between these two profiles, while profile 1 is
eroding profile 5 is accreting, and vice versa. Profile 1 is lo-
cated in the northern end of the beach, while profile 5 is lo-
cated at the southern end of the beach (Figure 5). The op-
posite behavior between these two profiles might be a result
of shifts in wave direction observed, illustrated in the figure

on the top to the right. Simple linear correlation between the
volume variations in the different profiles is shown on the
right bottom and similar variations of profiles two and three
in the central north section of the beach is shown in the lelt
bottom.

The periods of accretion on the northern extremity corre-
lated significantly (p<0.05) with periods of erosion on the
southern extremity and vice-versa (see Figure 8), in other
words, the variations between opposite ends are out-of-phase.
It was observed that between January to June while profile
1, located on the northern extremity of the beach eroded, pro-
file 5 (in the southern) accreted. From July to beginning Sep-
tember, two inverse cycles occurred almost monthly, and in
September/October while profile 1 experienced great erosion,
profile 5 accreted (Figure 8).

Profiles in the central portion of the beach did not signifi-
cantly correlate with those at the extremities of the beach.
However, there is a general trend of similar behavior between
profiles 1, 2 and 3 (see Figure 8).

Periods of erosion on the northern extremity of the beach
were related to the previous occurrence of east/northeast
waves like during September and October of 2000, and peri-
ods of erosion on the southern extremity were related with
the previous occurrence of south/southeast waves like what
happened during May/June (see Figure 8), and described by
BENEDET FILHO et al. (2000).

The out of phase variations between opposite ends observed
at Taquaras/Taquarinhas Beach during the period of study

Journal of Coastal Research, Vol. 18, No. 3, 2002
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Figure 8. Inverse beach volume changes between profiles 1 and 6, similar volume variation between profiles 2 and 3, and correlations coefficients
between all profiles at Taquaras/Taquarinhas beach and wave direction at the months of March and April and September and October.

suggests an apparent rotation of the beach planform, and this
rotation might be a response of the periodic shifts in the pre-
dominant wave direction. According to the data obtained in
the field, Taquaras/Taquarinhas Beach exhibited a behavior
similar to the one described by the theoretical model pre-
sented in Figure 9. In this beach, erosive events in one ex-
tremity implies that sediment is being transported and re-
distributed to another sector of the beach. It shall return to
its original location when new shifts in the predominant wave
direction occur.

Brava Beach

Figure 10 exhibits the main results for Brava Beach. On
the top of the figure, the variations of beach volume for pro-
files 1, 2 and 3 is show. The figure bellows exhibit the vari-
ations for profiles 5 and 4, and in the bottom figure the cor-
relation coefficients between the volume variations in all pro-
files is presented.

At this beach out-of-phase variations of beach volume be-
tween opposite ends were not observed.

Positive correlations between profiles located on the north
and central sector of the beach (1, 2 and 3), and between
profiles of the southern end of the beach (4 and 5) were ver-
ified. However no correlation between these two compart-
ments was observed. This suggests a division of the beach in
two sectors with different behaviors, the central north sector
represented by profiles 1, 2 and 3, and the southern sectors,
represented by profiles 4 and 5 (Figure 10).

During the same period of monitoring the occurrence of
short term beach rotation processes at Taquaras/Taquarin-
has beach was verified, but no evident rotation occurred at
Brava beach. It is thus necessary to consider the different
characteristics of these two particular beach systems.

Taquaras/Taquarinhas is a reflective beach without the oc-
currence of submerged bars, and rip currents. On the other
side, Brava Beach is an intermediate beach, with remarkable
characteristics such as mobile submerged bars and strong rip
currents. Inverse patterns of-erosion and accretion between
opposite ends at Brava Beach might be occurring, but were
not detected by the current analysis, as underwater mea-
surements of bar migration were not performed. Another im-
portant factor that has to be considered is that the northern
headland of Brava beach does not totally block the littoral
drift. In events where breaker height observed exceeded 1.5
m, the breaker line extended about 20 m offshore of the head-
land, headland bypassing occurs in this case, and the sedi-
ments are transported to the neighbor beach, instead of ac-
cumulate against the northern headland.

The occurrence of strong rip currents can also represent a
very important mechanism of sediment transport (SHORT,
1999). The profiles monitored in this type of beach can man-
ifest some erosion, and this erosion may not be directly re-
lated to high waves or oblique wave incidence. Rather some
of these erosive events may be directly related with the oc-
currence of strong rips in front of, or in the adjacent areas of
the beach profiles monitored (Figure 11). According to SHORT
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Figure 9. Morphologic model representing the general trend of sediment removal at Taquaras/Taquarinhas Beach.

(1999) rip currents are responsible for the transport of beach
sediments offshore.

The data obtained in the present study for Brava Beach
demonstrate a behavior similar to the one illustrated by the
model proposed in Figure 12. As observed in this beach, dur-
ing erosive events the whole beach erodes, with different
magnitudes. Smaller magnitudes of profile mobility were ver-
ified in the southern extremity, and greater magnitude was
verified in the central and northern extremity. The same be-

havior is observed in depositional periods. The occurrence of

erosive or depositional trends at Brava beach did not show a
clear relation with the wave direction, as observed in Ta-
quaras/Taquarinhas Beach (see Figure 8).

Balneario Camboriu Beach

The beach of Balnedrio Camboriu is divided in two large
sectors in this study, which form two distinct beaches with
distinct behavior. Those two sectors are divided by a salient
formed adjacent to the das Cabras Island (see Figures 1 and
14).

Figure 13 summarizes the main results for Balneario Cam-
boria beach. Looking clockwise from the top left it is shown:
the beach planform with the profile measurement locations,
on the top right the variations of beach volume for the pro-
files on the southern section is shown, and on the bottom
right the volume variations for the northern section is pre-

sented. At the bottom left, simple linear correlation between
the profiles is presented.

Southward of the salient, the area represented by profiles
15, 11 and 7 at the shadow zone of the beach, the variations
of beach volume and beach width verified were minimal when
compared with the northern exposed sector (see Figure 13),
and with the other beaches monitored. As previously showed
by TEMME et al. (1997), and KLEIN and MENEZES (2001) this
is caused by the strong influence that the southern headland,
and the das Cabras Island have on this sector of the beach.
As a consequence this zone is protected from the direct attack
of southeast swells, the most energetic ones on this coastline,
thus the waves do not have the same capacity of carrying the
sediments around.

The northern sector of the salient, represented by profiles
1, 3 and 5, is directly exposed to waves from a range of di-
rections, and consequently experience a greater mobility, and
greater morphologic variability.

Profiles 3 and 5 exhibited a very similar behavior, while
profile 1 behaves in an opposite manner (Figure 13). From
these results it can be inferred that in this sector of the beach,
inverse patterns of erosion and accretion between opposite
ends are occurring. The depositional periods at the north ex-
tremily (profile 1) correlated with erosive events in the cen-
tral and southern extremity (profiles 3 and 5) and vice-versa,
manifesting an apparent rotation of the beach planform.
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this beach, and correlation coeficients between these profiles. Values between the profiles cited above are significant with p <0.05.

However while beach rotation was well defined in 1995 to
beginning of 1996; it was not so clear in 1994 enforcing the
need of a long term monitoring programs (see Figure 13).
Unfortunately, there is none wave data in these years that
could make possible an association with the beach behavior
observed. The beach rotation observed 1995 to beginning of
1996 occurred in cycles of about 3 to 4 months (Figure 13).

The data acquired for this beach can be summarized in
Figure 14. In the southern protected sector minimal sediment
removal was observed, and in the northern sector out-of-
phase variations of beach volume and beach width occurred
between its extremities.

As a main result of these analyses, it was found that the
different extremities and the different sectors of the headland
bay beaches did not respond in the same way to higher en-
ergy wave events. There was no defined seasonality in beach
volume and width fluctuations, rather each section of the
beach has its own behavior.

Other examples of this behavior in the literature are pre-
sented in MASSELINK and PATTIARATCHI (2001). These authors

attributed the morphological variations observed in the Perth
beaches, Western Australia, to a seasonal variation in the
littoral drift direction, which for the Perth area, is toward
north in the summer and south in the winter. These authors
verified that beaches located south of coastal structures or
headlands have their width increased during the summer,
while beaches located north of coastal structures/headlands
experienced erosion in the same period, and the inverse is
true for the winter period.

Comparison of the Magnitude of Short Term
Beach Rotation Processes in Different
Beach Types

Measured beach profile variations at the exposed section of
each of the beaches monitored can be observed in Figure 15.
Profile mobility was greatest on the reflective exposed beach
of Taquaras/Taquarinhas, followed by Brava beach, an inter-
mediate exposed beach, and smallest on the dissipative semi-
exposed beach of Balneario Camboriu.
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Figure 11. Rip current channel located between profiles 4 and 3 at Brava beach.
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Figure 12. Morphologic model representing the general pattern of sediment removal at Brava beach, where depositional and erosive events occurs
simultaneously along the beach, however with different magnitudes.
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Like profile mobility, short-term beach rotation processes
can differ significantly between dissipative, reflective and in-
termediate beaches, and as well between beaches with dif-
ferent degrees of curvature and exposure to the incident
waves. In this work, short-term beach rotation processes in
the subaerial beach were more easily detected in exposed re-
flective beach (e.g. Taquaras/Taquarinhas). In this case, with
the absence of submerged bars, wave energy collapses direct-
ly on the beach slope, leading to greater profile mobility and
removal of larger amounts of sediment in the subaerial
beach. As a result, the occurrence of oblique waves on these
kinds of beach systems causes sediment exchange between
its ends. In other words, beach rotation, where the sediment
eroded from one extremity of the beach is deposited in the
opposite extremity.

In exposed intermediate beaches (e.g. Brava Beach), the
occurrence of hydrodynamic features like strong rip currents,
cellular circulation, and morphologic features such as mobile
submersed bars, and the small size of the northern headland
may have lead to different beach behavior. These phenomena
blocked the occurrence of, or made undetectable by the pre-
sent methods, short-term beach rotation. In this type of

beach, long term monitoring of the subaerial and submerged
part of the beach, and of the northern neighboring beach are
necessary in order to better understand its temporal and spa-
tial variations. SHORT et al. (2000) identify beach rotation in
an intermediate type beach 3.6 km long in the Sydney area
(Narraben beach), with cycles of rotation ranging from 3 to 8
years.

In exposed dissipative beaches (e.g. Balneario Camboriu
northern sector), beach rotation is seen from out-of-phase
variations of beach volume and beach width between opposite
ends. This rotation had a three to four months cycle. However
sediment removal was in smaller magnitude than at the re-
flective beach (Taquaras/Taquarinhas). Balnedrio Camboriu
results also demonstrated that beach rotation processes could
show interannual variability, which requires long term mon-
itoring. The results did not show any clear trend of erosion
or deposition. Rather the fluctuations observed were beach
responses to high wave events, where sediment is not lost
from the system, but redistributed to other sectors of the
beach, in accordance with the direction of wave incidence.
KLEIN and MIOT DA STLVA (in preparation), and MIOT DA SILVA
et al. (2000), studying the pattern of sediment distribution at
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Figure 14. Morphologic model representing the general trend of sediment removal at Balneario Camboriu beach, where depositional and erosive events
occurs out of phase in the northern sector, and the southern sheltered sector presents minimal sediment removal.

these beaches identified distinct sediment characteristics.
They emphasize that no sediment exchange between these
beaches is occurring.

Relation Between the Amplitude of Beach Rotation
and the Headland Bay Beach Length

COowELL et al. (1996) proposed for the amplitude of beach
rotation in Headland bay beaches, the following equation:

Ax = 0.0139L (1)

Where Ax is the amplitude of rotation in meters, and L in
the shoreline length. According to this relation, the beach of
Taquaras/Taquarinhas would show an amplitude of rotation
of 22 m, and the northern sector of Balnedrio Camboriu
would experience an amplitude of rotation of 28 m. Compar-
ison of amplitude values for beach rotation observed in field,
versus those predicted by the equation above in available in
Table 2.

A simple linear regression using the data of COWELL et al.
(1996) and our data (see Figure 16) resulted in a equation
similar to the one predicted by these authors, supporting the
idea of a relation between the amplitude of beach rotation
and the beach length. However, this relation is influenced by
other parameters besides beach length, and at this state-of-
the-art there is not encugh data to definitely validate such a

relation. Long term detailed studies of beach rotation pro-
cesses in beach systems with distinct degrees of curvature
and distinet morphodynamic characteristics are necessary in
this manner. These would lead to an more realistic equation
that could predict the amplitude of beach rotation in head-
land bay beaches. As demonstrated in this study, other fac-
tors such as beach type, beach curvature and its exposure to
the incident waves have a direct influence on the profile mo-
bility and magnitude of sediment removal. It is then expected
that these factors will influence in the amplitude of beach
rotation in different headland bay beach systems.

FINAL CONSIDERATIONS

The headland bay beaches studied in SC, Brazil exhibited
different patterns of sediment removal as a function of the
following parameters:

1) Degree of curvature of the beach: This can be measured
by the indentation ratio or by the SI/CL ratio. In highly
curved beaches, there is a well-developed shadow zone
and a range of morphodynamic conditions, from a shel-
tered low energy beach adjacent to the downdrift head-
land to a high energy exposed beach on the straight end
of the headland bay beach. The less curved beaches in-
stead, tend to show a more uniform bechavior, because
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Figure 15. Beach profile envelopes with greater mobility, and volume variations for: a) the reflective beach of Taquaras/Taquarinhas, b) the intermediate

beach of Brava beach, and c¢) the dissipative beach of Balnedrio Camboriu.

they are directly exposed to incident waves. The param-
eters a/Ro and SL/CL shows similar results, but the SL/
CL parameter does not provide the point of greater in-
dentation of the beach, which would be a hypothetical
limit of the shadow zone.

Occurrence of submerged bars, rip currents, and cellular
circulation: These factors play an important role in de-
termining the morphodynamic behavior of beach sys-
tems being studied, as they will directly impact mag-
nitudes of sediment exchanges between subaerial and
submerged beach.

3) Shoreline length also influences the amplitude of beach

2

Table 2. Beach shoreline length, amplitude of beach rotation predicted
according to COWELL ET AL. (1996) and the amplitude of beach rotation
observed in field during the period of monitoring.

Ax(m) Ax(m)
Beach L{(m) (predicted)  (observed)
Balnedrio Camborid
(north sector) 2050 28 21
Taquaras/Taquarinhas 1582 22 22

rotation, and the time the whole beach takes to readjust
to new wave conditions.

4) Beach Type: Short-term beach rotation processes were
evident in the exposed reflective beach at Taquaras/Ta-
quarinhas, and on the exposed dissipative northern sec-
tor of Balnedrio Camboriu. The process probably occurs
on other headland bay beaches along our coastline, in
response to waves from varying angles of incidence.

Previous studies of beach rotation phenomena as developed
by SHORT et al. (2000), detected a pivotal point with minimal
variation, about which the beach rotates. In this study we did
not detect a pivotal point, but rather a transitional zone.

Cycles of erosion and deposition in different sectors of the
beach were detected during the same study period, suggest-
ing complex behavior of headland bay beaches. In order to
analyze temporal cycles of sediment mobility in headland bay
beaches, it is necessary to monitor several profiles along the
beach shoreline. If only one profile on the headland bay beach
is monitored, observed beach behavior will not be represen-
tative of the whole headland bay beach. As demonstrated in
this study, when one sector of the headland bay beach is erod-
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study and from Cowurl ef al. (1996).

ing, another sector might be accreting, stable, or eroding at
different rates. In this way, headland bay beaches require
spatio-temporal analysis, in order to properly understand its
behavioral trends. Headlands interrupt littoral drift and
block approaching incident waves, therefore influencing on
the morphodynamic behavior of the beach.

The occurrence of sediment exchanges between opposite
ends of headland bay beaches has many implications for
beach management. Coastal engineers and planners should
carefully analyze the implementation of hard structures such
as groins, on the shore of headland bay beaches. These struc-
tures block the free sediment exchange between opposite ex-
tremities of the beach, and do not permit an important mech-
anism of self regulation to develop in these beach systems.
Another aspect that should be considered by coastal planners
is beach mobility, together with the delimitation of the ro-
tation zone. On the zone where maximum amplitude of beach
rotation occurs, the beach is more susceptible to erosion and
to seasonal and long-term variations in width than in shel-
tered zones, and the urbanization of these zones should be
carefully planned in order to avoid damages and risks.

Investigations of headland bay beach response to wave in-
cidence should not be limited to cross-shore analysis, which
typically shows sediment exchange between submerged bars
and the subaerial beach, as a function of fluctuations in wave
energy. The mechanism needs to be analyzed both cross-
shore and alongshore, as a function of fluctuations in wave
energy and direction, especially when oblique waves and
longshore drift is interrupted by headlands.

ACKNOWLEDGEMENTS

The authors acknowledge the following institutions and
persons: “FINEP—PADCT III", “Fundac¢éoe Banco do Brasil”
and City Hall of Balnedrio Camborid for funding the re-
search; Prof. Dr. José Roberto Provesi (PROPPEX~-UNIVALI)
for support the research with a Undergraduate fellowship
(PROBIC); the director of the CTTMar/UNIVALI, Prof. Fer-

Simple linear regression with the values of amplitude of beach rotation observed versus the heach shoreline length, values from the present

nando Luiz Diehl, for offering the research facilities; Prof. Dr.
Joao Alveirinho Dias and Dr. Oscar Ferreira from “Univer-
sidade do Algarve-UCRA-DISEPLA” for their supervision.
Special thanks are due to Marcos Paulo Berribili, the field-
worker who provided the beach profiles, to make this project
possible. The authors would like also acknowledging Prof. Dr.
Charles Finkl Jnr., Prof. Dr. Andrew Short, Prof. Dr. Gerhard
Masselink and Prof. Dr. Henk Jan Verhagen for the finally
English review and helpful discussions and critical readings
of the manuscript. Comments from journal referees helped
improve the paper and are appreciated.

LITERATURE CITED

ABreU, J.G.N., 1998. Contribuicao a sedimentologia da plataforma
continental interna da Santa Catarina entre a Foz do Rio Tijucas
e Itapocu. Dissertacdo de Mestrado. Universidade Federal Flu-
minense. Instituto de Geociéncias. Depto de Geologia. Curso de
pos-graduacdo em Geologia e Geoftsica Marinha, 64p. iunpub-
lishedi.

Arves, J. Ho F. M., 1996. Refracao do espectro direcional de ondas
oceanicas em aguas rasas: aplicacoes @ regiao costeira de Sao Fran-
cisco do Sul, SC. Floriandpolis. Dissertacao (Mestrado em Engen-
haria Ambiental --CPGEA, universidade Federal de Santa Catar-
ina, 89p. (unpublished).

BeNeDET Fiuno, L. Kuring A HLUF Scnocyacier, DVH., and MENEZES,
J.T., 2000. Beach rotation process in distinet morphodynamic
beach types: A preliminary analysis. In: KLEIN et al. feds), Anals
do Simposio Brasileiro Sobre Praias Arenosas: morfodinanica.
ecologia, usos, risco e gestao. UNIVALIL [tajat, pp. 178--179.

Birkpmeigg, W. A., 1981. Fast Accurate Two Person Beach Surcey.
Costal Engincering Techinical Aid. Vicksburg, Mississipi: U.S.
Army Engineer Waterways Experiment Station. Coastal Engi-
neering Reseach Center, pp. 81-111.

BirrrMEiER, W. A, 1985. A wsers guide to ISRP: The interactive
Aurvey Reduction Program. Instruction Report CERC-84-1. Vicks-
burg, Mississipt: U.S. Army Engineer Waterwais Experiment Sta-
tion. Coastal Engineering Research Center, 38p.

BUrTeNCOURT, A.C.S.P; Farias, F.F., and ZaNINT JR. AL 1987, Reflexo
das variagoes morfodindmicas praiais nas caracteristicas texturais
dos sedimentos da praia da Armacao, Salvador, Bahia, Revista
Brasileira de Geociéncias {Sao Paulo) 17(3), 276-282.

Journal of Coastal Research, Vol. 18, No. 3, 2002



458 Klein, Benedet Filho and Schumacher

Boraes, A, pr C., 1977, Topografia aplicada a engenharia civil. Sao
Paulo: Edgard Blucher, Vol. 1, 187p.

Cartek, RW.G., 1988. Coastal Environments: An Introductiom to the
Physical Ecological and Cultural Systems of Coastlines. London:
Academic, 617p.

CarvarLto, J.L.B.; Kiein, A.H.F.; ScHETTING, C.AF., and JaBOR, P.M.,
1996. Marés Meteorologicas em Santa Catarina: Influéncia do
Vento na Determinagao de Parametros de Projeto para Obras Cos-
teiras. Proceedings do 111 simposio sobre Oceanografia USP, p.380.

CasTiLHOS, J.A., 1995, Estudo evolutivo, sedimentologico e morfodi-
néamico da Praia de Armagdo---Ilha de Santa Catarina,SC. Depar-
tamento de Geociéncias, Universidade Federal de Santa Catarina,
Dissertacao de Mestrado. 134p. (unpublished).

CowgL, P.; Zenc, T.; HENNECKE, W., and THoM, B., 1996. Regional
Predictions of Climate Change Impacts. Proceedings of the Austra-
lian Coastal Management Conference (Genelg), pp185-193.

Farias, F.F; BITTENCOURT, A.C.S.P.; ZANINI JR., A., and DOMINGUES,
J.M.L., 1985, Variagbes temporais e espaciais na dinamica de se-
dimentacao da praia da Armacdo—Salvador/BA. Revista Brasilei-
ra de Geociéncias (Sao Paulo), 15(1) 48-54.

FinkELsTEIN, K., 1982, Morphological variations and sediment trans-
port in crenulate-bay beaches, Kodiak Island, Alaska. Marine Ge-
ology, 47, 261-281.

Hsu, J.R.C. and Evans, C., 1989. Parabolic bay shapes and appli-
cations. Proceedings Institution of Civil Engineers,. London: Thom-
as Telford, Part 2, pp.557-570.

Jackson, N.L. and NorpTroN, K F., 1992, Site-specific controls on
Wind and wave processes and beach mobility on estuarine beach-
es. Journal of Coastal Rescarch, 8, 88-98.

KLrIN, A.H.F. and MENEZES, J.T., 2000. Beach Morphodynamics and
profile sequence for headland bay coast. In: KLEIN et al.(eds), Anais
do Simposio Brasileiro Sobre Praias Arenosas: morfodindamica,
ccologia, usos risco e gestao. UNIVALL Itajat, pp.97-98.

Krrin, A.H.F. and Menezes, J.T., 2001. Beach Morphodynamics and
Profile Sequence for a Headland Bay Coast. Journal of Coastal
Research 17(4), 812-835.

Kikin, A.H.F.. TEmME, B.; Menezes, J.T.; DiedL, F.1..; CARVALHO,
J.L.B, and Jasor. P.M., 1997. Comportamento morfolégico de uma
Praia Semi-protegida: Balnedario Camboria,SC. Anais. IV Congres-
so da Associacao Brasileira de Estudos do Quaternario, Curitiba,
PR, pp.82-84.

Kosmar, P.D.. 1997. Beach Processes and Sedimentation. Englewood
Cliffs, New Jersey: Prentice Hall 546p.

KowsMaNN R., 1970. Variacoes de curto e longo prazo de um perfil da
praia de Copacabana, Rio de Janeiro. In: Publica¢io n.39 do In-
stituto de Pesquisas da Marinha, Rio de Janeiro, 20p.

MassEUNK, Gooand Parmiaratein, C.B., 2001, Scasonal changes in
beach morphology along the sheltered coast of Perth, western Aus-
tralia. Marine Geology, 172, 243-263.

Mero. E.. 1993, The sea sentinel project: watching waves in Brazil,
Proceedings of. the 8" Symposium on Coastal and Ocean Manage-
ment, tRio de Janeiro, RJ).

MeNkzis, J. T, 1999, Aspectos Morfodinamicos das Praias do Litoral
(‘entro-Norte Catarinense. Curso de Oceanografia, Universidade

do Vale do Itajai, Itajai. Monografia de Conclusdo de Curso. 130.
(unpublished).

Menezis, J.T. and KLein, A.H.F., 1997. Variacoes Morfologicas das
Praias do Litoral Centro-Norte do estado se Santa Catarina. An-
ais, X Semana Nacional de Oceanografia (Itajai), pp.58-60.

Miorpa SiLva, G.; KLeiN, A-H.F.. and Larin, N.A., 2000. Distribuigéao
de tamanho dos sedimentos ao longo de costas com a presenga de
promontérios-enseadas: resultados preliminares. In: KILEIN et al.
(2000) (eds), Anais do Simpaosio Brasileiro Sobre Praias Arenosas:
morfodindmica, ecologia, usos, risco e gestao. UNIVALI, Ttajai, pp.
178-179.

MueHE, D., 1979. Sedimentology and topography of a high energy
coastal environment between Rio de Janeiro and Cabo Frio, Bra-
zi). Anais da Academia Brasileira de Ciéncias, Rio de Janeiro, 51
(3), 473-481.

MuEeHE, D., 1998. O litoral brasileiro e sua compartimentacdo. In:
CUNHA, S.B. and GUERRA, A. J. T., (ed). Geomorfologia do Brasil.
Cap. 7. Rio de janeiro. Bertrand Brasil S.A., pp. 273-349.

NosrE, C.A.; CALVACANTI, M. A. G.; NoBRE, P.; Kavano, M. T.; Rao,
V. B; BonarTy, J. P.; Satyamurt, P, Uvo. C. B., and CoHen. J. C.,
1986. Aspectos da climatologia dinamica do Brasil. Climandlise,
Numero especial.

SHort, A. D., 1979. Three-dimensional beach stage model. Journal
of Geology, 87,653-571.

Spoxkt, AD.; Cowril, P.J.. Caper, M.; Harl, W.; and vaN Duk. B,
1995. Beach rotation and possible relation to southern oscilation.
In: AUNG, T.H. (ed.),Ocean Atmosphere Pacific Conference. Nation-
al Tidal Facility, Adelaide: pp. 329-334.

SHort, A.D., 1999. Handbook of Beach and Shoreface Morphodyn-
amics. Chichester: Wiley 379p.

SHORT A.D. and MASSELINK, G., 1999. Embayed and structurally con-
trolled beaches. In: SHoRrT, A.D. (1999) (ed), Handbook of Beach
and shoreface morfodynamics. Chichester: Wiley, pp 142-161.

SHORT A.D.; TrREMBANIS, A.C., and TUrNER, [.L., 2000. Beach oscila-
tion, rotation, and the Southern Oscilation, Narraben Beach, Aus-
tralia. Proceedings International Conference on Coastal Engineer-
ing (Sydney).

SILVESTER, R. and Hsu, J.R.C., 1993. Coastal Stabilization: innovative
concepts. Englewood Cliffs, New Jersey: Prentice Hall, 578p.

Sonu. C.J. and van Beek, J.1., 1971, Systematic beach changes on
the outer banks, North Carolina. Journal of Geology, 74(3), 247—
268.

Temsmi, B Krein, AL Ho Fo Carvarno, J. L. B., and Dienw, F. Lo,
1997. Morphological behaviour of beach of Balnedrio Camboriu:
preliminar results. Notas técnicas da Facimar, 1997, 49-65.

Trucoro, E. C., 1998. Maré meteorologica e forcantes atmosféricas
locais em Sao Francisco do Sul—SC. Dissertacao de Mestrado.
Programa de Pos- Graduagcao em Engenharia Ambiental. Univer-
sidade Federal de Santa Catarina, 100 p. (unpublished).

VERHAGEN, H.J., 2000. Sea Breeze. Proceedings of the 2nd Interna-
tional Conference on Port development and Coastal Environment
around the Black Sea, Bulgaria (Varna),

Yasso, WE., 1965. Plan Geometry of headland bay beaches. Journal
of Geology, 73, 70214,

Journal of Coastal Research, Vol. 18, No. 3, 2002



